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Abstract 
Mechanical Behavior of the Human Lumbar Intervertebral Disc with Polymeric Hydrogel 
Nucleus Implant: An Experimental and Finite Element Study 
Abhijeet Bhaskar Joshi 
Michele Marcolongo, PhD, PE  
 
 
 
The origin of the lower back pain is often the degenerated lumbar intervertebral 
disc (IVD).  We are proposing replacement of the degenerated nucleus by a PVA/PVP 
polymeric hydrogel implant.  We hypothesize that a polymeric hydrogel nucleus implant 
can restore the normal biomechanics of the denucleated IVD by mimicking the natural 
load transfer phenomenon as in case of the intact IVD. 
Lumbar IVDs (n=15) were harvested from human cadavers.  In the first part, 
specimens were tested in four different conditions for compression: Intact, bone in plug, 
denucleated and Implanted.  Hydrogel nucleus implants were chosen to have line-to-line 
fit in the created nuclear cavity.  In the second part, nucleus implant material (modulus) 
and geometric (height and diameter) parameters were varied and specimens (n=9) were 
tested. 
Nucleus implants with line-to-line fit significantly restored (88%) the 
compressive stiffness of the denucleated IVD.  The synergistic effect between the implant 
and the intact annulus resulted in the nonlinear increase in implanted IVD stiffness, 
where Poisson effect of the hydrogel played major role.  Nucleus implant parameters 
were observed to have a significant effect on the compressive stiffness.  All implants with 
modulus in the tested range restored the compressive stiffness.  The undersize implants 
resulted in incomplete restoration while oversize implants resulted in complete 
restoration compared to the BI condition.  
 xi
Finite element models (FEM) were developed to simulate the actual test 
conditions and validated against the experimental results for all conditions.  The annulus 
(defined as hyperelastic, isotropic) mainly determined the nonlinear response of the IVD.  
Validated FEMs predicted 120-3000 kPa as a feasible range for nucleus implant modulus.  
FEMs also predicted that overdiameter implant would be more effective than overheight 
implant in terms of stiffness restoration. Underdiameter implants, initially allowed inward 
deformation of the annulus and hence were less effective compared to underheight 
implants.  
This research successfully proved the feasibility of PVA/PVP polymeric hydrogel 
as a replacement for degenerated nucleus. This approach may reduce the abnormal 
stresses on the annulus and thus, prevent/postpone the degeneration of the annulus.  A 
validated FEM can be used as a design tool for optimization of hydrogel nucleus implants 
design and related feasibility studies.         
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1. Introduction 
 
 
 
Lower back pain is one of the most important socioeconomic diseases and one of 
the most important health care issues today.  Over five million Americans suffer from 
lower back pain, making it the leading cause of lost work days next only to upper 
respiratory tract illness1-5.  On an average, 50-90% of the adult population suffers from 
lower back pain6 and lifetime prevalence of lower back pain is 65-80%7.  Lower back 
pain symptoms falls into three general categories based on the duration of the pain 
experienced.  It is estimated that 28% experience disabling lower back pain sometime 
during their lives, 14% experience episodes lasting at least 2 weeks while 8% of the 
entire working population will be disabled in any given year7.  The total cost of the lower 
back disabilities is in the range of $50 billion per year in the United States8 and £12 
billion per year in the United Kingdom alone9.  The causes of lower back pain often 
remain unclear and may vary from patient to patient.  It is estimated that 75% of such 
cases are associated with lumbar degenerative intervertebral disc disease1. 
The (lumbar) intervertebral disc is situated in between adjacent vertebrae.  The 
disc is basically a composite structure made up of three different tissues; the central core 
is called the nucleus pulposus which is surrounded by the multilayered fibers of annulus 
fibrosus and the cartilaginous end plates.  The nucleus is predominantly water in a matrix 
of proteoglycan, collagen and other matrix proteins10.  The water content of the nucleus is 
very high at birth (90% or so) and then decreases at older age to 70% or even less11,12.  
The annulus surrounds the nucleus with successive layers oriented in alternating 
direction.  The annulus is under tension when the nucleus absorbs water and swells13.  
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The cartilaginous end plates have multiple perforations that allow exchange of water and 
nutrients into the disc14.    
In case of the normal healthy disc, any load acting on the disc is transferred to the 
annulus by means of swelling pressure (intradiscal pressure) generated by the nucleus.  
The water binding capability of the nucleus is a function of the chemical composition of 
the nucleus14.  However, with aging and/or degeneration, the types of proteoglycans 
change15 and the proteoglycan/collagen ratio decreases, which results in the lower water 
binding capability of the nucleus16.  The load transfer mechanism in case of such 
dehydrated disc is significantly altered.  The nucleus can not generate enough intradiscal 
pressure (because of low water content) and thus is unable to perform its normal function 
of load transfer to the annulus.  As the nucleus dehydrates and shrinks, the loads on the 
nucleus decrease while those on the annulus increase17.  It was observed that radial tears, 
cracks, and fissures occur first within the annulus18.  If these do not heal in time, the 
nucleus may migrate from the disc center to the disc periphery through the annulus up to 
the nerve root.  The contact of the migrated nucleus with the sinu-vertebral nerve root 
causes radicular back pain14.    
Many conservative treatment options exist for lower back pain.  These generally 
aim for reducing the pain arising out of nerve root impingement and inflammatory 
response because of the migrated nucleus.  Popular surgical treatments include 
Discectomy and/or Spinal Fusion and are sought when conservative treatments fail.  
Although these surgical treatments successfully relieve pain, they fail to restore the 
normal biomechanical function of the spine19,20.  The nucleus is still dehydrated and the 
annulus fibers are still likely operating in compression.  Furthermore, these procedures 
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may generate additional stresses (and hence accelerated degeneration) within the operated 
disc20-23 (in case of discectomy) or on the adjacent discs and loss of mobility24-26 (in case 
of spinal fusion). 
The long-term objective of this research agenda is to treat a degenerated lumbar 
intervertebral disc by mimicking the physiological intradiscal pressure, whereby the 
annular degenerative process (including the associated pain) would be postponed or 
prevented and the normal biomechanical function of the spine would be restored.  The 
goal of the present study is to evaluate the concept of nucleus replacement with a 
polymeric hydrogel implant in terms of restoration of normal biomechanics of the spine, 
in compression.  We propose the use of poly (vinyl) alcohol (PVA) and poly (vinyl) 
pyrrolidone (PVP) copolymer blend as a substitute for a degenerated nucleus pulposus.  
These materials have generally shown behavior consistent with biocompatibility27-29 
although comprehensive studies have not been published yet.  The Poisson effect of a 
hydrogel is proposed to exert intradiscal stress on the annulus fibers, similar to the 
physiological intradiscal pressure observed in case of the normal healthy disc. This would 
mimic the natural load transfer phenomenon and may restore the normal biomechanical 
behavior of the lumbar spine.  Because of their shape memory characteristics, nucleus 
implant hydrogels offer an attractive potential solution for lower back pain treatment, 
with minimum invasive surgical procedures.            
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2. Background 
 
 
 
2.1 Human Spine 
The human spine is a mechanical structure that performs three fundamental 
biomechanical functions simultaneously30.  First, it transfers the weights (and resultant 
bending moments) of the head, trunk and any weights being lifted to the pelvis.  Second, 
it allows sufficient physiological motion between the head, trunk and pelvis.  Third and 
most important, it protects the delicate spinal cord from the potential damaging forces 
(and moments) resulting from the physiological motions and trauma30.  Figure 2.1 shows 
the schematic of the human spine, which is divided into three main regions.  The upper 
region, with seven vertebrae, is called the ‘Cervical Spine’; the middle region, with 
twelve vertebrae, is called the ‘Thoracic Spine’ and the lowermost, with five vertebrae, is 
called the ‘Lumbar Spine’.  At the distal end of the spine, there is a basin shaped structure 
called the ‘pelvis’ that supports the spinal column and is made of the ‘sacrum’ and the 
‘coccyx’ with fused vertebrae.  Human spine is not an exactly straight structure, but has 
specific curvature, as seen from Figure 2.1.  The spine in the cervical and in the lumbar 
region is slightly convex anteriorly while in the thoracic and sacral region, it is slightly 
convex posteriorly.  The specific shape allows the increased flexibility while maintaining 
the overall spinal stability.  It also facilitates increased shock absorbing capacity along 
with adequate stiffness30.  
Each vertebra is made up of several parts.  Figure 2.2 shows schematic of the 
vertebrae in a vertebral column.  The body of the vertebra is the primary weight bearing 
area.  It also provides the resting place to the intervertebral disc, which separates the 
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adjacent vertebrae and acts as a cushion between them.  There is a large hole in the center 
part (spinal canal) which is covered by ‘Lamina’.  The spinal cord runs through this 
spinal canal.  There is a protruded process in the central posterior region, called ‘Spinous 
Process’, which can be felt by running our hand down the back.  There are pairs of 
‘Transverse Processes’ which are orthogonal to the spinous process and provide 
attachment for the back muscles.  There are also four facet joints associated with each 
vertebra.  Four facet joints in two pairs (superior and inferior) interlock with adjacent 
vertebrae and provide the stability to the spine.  An intervertebral disc is situated in 
between adjacent vertebrae.  The discs are labeled with respect to the vertebrae levels, 
between which they are located.  Thus, the T12/L1 disc is located between the 12th 
thoracic and 1st lumbar vertebrae while the L3/L4 disc is located between the 3rd and 4th 
lumbar vertebrae.  Lower back pain is associated with the degenerative lumbar 
intervertebral disc disease and the discussion henceforth always refers to the lumbar 
spine, unless otherwise specified. 
2.2 Intervertebral Disc 
2.2.1 Structure  
The intervertebral disc is the largest avascular tissue in the human body30.  It 
constitutes about one third height of the entire spinal column.  The disc is primarily made 
of three different tissues; the central jelly-like portion is ‘Nucleus Pulposus’ (NP), which 
is surrounded by the outer laminated structure of the ‘Annulus Fibrosus’ (AF).  The thin 
cartilaginous endplates with multiple perforations are in between the disc and a vertebra.  
Figure 2.3 shows the schematic of the lumbar intervertebral disc (IVD).  
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The nucleus pulposus comprises about half of the healthy intervertebral disc and 
is essentially water in a matrix of proteoglycan, collagen and other matrix proteins10.  The 
water content of the nucleus is very high at birth (90% or so) and then decreases at older 
age to 70% or even less11,12.  The high water content of the nucleus is mainly due to the 
presence of hydrophilic proteins called Proteoglycans (PGs)31.  PGs are the most 
abundant macromolecules present in the nucleus, accounting as much as 65% of the dry 
weight at young age, which may decrease to as low as 30% 11,12,32,33.  PGs consist of 
sulfated glycosaminoglycans side chains covalently bonded to core proteins. These 
molecules have the ability to attract and retain water due to ionic carbonyl and sulphate 
groups on the glycosaminoglycans chains16,34,35.  These large molecules with their 
negatively charged sulfate groups are not free to diffuse out of the nucleus.  They are 
highly hygroscopic as some of the PGs are linked to hyaluronic acid, a longer chain of 
very hydrophylic nonsulfated glycosaminoglycan36-38.  Collagen comprises about 20% of 
the dry weight, while a variety of noncollagenous proteins and elastin account for the rest 
of its dry weight.  The external load acting on the disc determines the equilibrium water 
content of the disc.  As the load increases, the pressure inside the nucleus also increases 
and the water is squeezed out into the vertebrae through perforated endplates.  When the 
load on the disc decreases, the pressure within the nucleus also decreases and the water 
returns.  Such a mechanism essentially creates an effective pump, providing a circulation 
path for the inflow of water, nutrients and outflow of metabolic waste14.   
The annulus fibrosus gradually differentiates from the periphery of the nucleus to 
form outer boundary.  The annulus is tough, outer fibro-cartilaginous layer of the disc.  
Water accounts for 60-70% of the total annulus mass34.  The annulus is often compared to 
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the laminated automobile tire.  The collagen fibers of the annulus are laid down in 15 to 
20 multiple plies.  The annulus fibers insert into the superior and inferior vertebral 
bodies38.  The fibers in the alternate layers are oriented in the opposite direction, with an 
angle of ± 30º with respect to the radial direction.  Figure 2.4 shows a schematic of the 
structure of the annulus fibrosus.  Depending on location within the disc, the fibers are 
connected to vertebral endplates or directly to the vertebra.  Because of this specific 
structure, the annulus essentially binds the adjacent vertebrae together and play major 
role in resisting of torsion36,39.  It is the compressibility of the annulus, which 
accommodates the bending and twisting of the intervertebral disc.  The outer annulus is 
primarily made of type I collagen while type II collagen is predominant near the nucleus.  
Other types of collagen, such as type V, VI and IX are also present in the annulus 
alongwith minor amount of type III collagen32,34.   
The cartilaginous endplates essentially separate the disc from the vertebral bodies.  
The endplates are recognizable as discrete entities at an early stage in the development of 
the axial skeleton and remain as cartilaginous endplates during the subsequent 
ossification of the vertebrae40.  The cartilaginous component of the endplates consists of a 
gel of hydrated PG molecules that is reinforced by a network of collagen fibrils41.  The 
cartilage in these endplates resembles the chemical structure of the adjacent portion of the 
disc34.  Hyaline cartilage is the major component of the end plate, which is approximately 
1 mm thick.  The collagen content is highest, but the PGs and water content are lower as 
compared to the adjacent nuclear and annulus regions.  In addition to serving as a 
semipermeable membrane that facilitates the diffusion of the solutes from vertebra to the 
disc, the end plate also prevents the nucleus pulposus from bulging into the adjacent 
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vertebral body42 while absorbing the hydrostatic pressure resulting from mechanical 
loading of the spine43.       
2.2.2 Intervertebral Disc Mechanics 
Elastic Characteristics 
 An intervertebral disc is situated in between adjacent vertebrae and acts as a 
cushion between them.  A functional spinal unit (FSU) is the basic building block of 
spinal biomechanics and exhibits the generic characteristics of the spine.  A FSU 
basically consists of an intervertebral disc in between adjacent vertebrae, along with facet 
joints and posterior elements (Figure 2.5).  In general, the results obtained for a single 
FSU are a good reflection of the overall behavior of the spine44.            
 A FSU has six degrees of freedom; 3 translational and 3 rotational, as shown in 
the Figure 2.6.  Thus, any one of the motion components may be accompanied by five 
coupled motions.  The basic loading modes acting on the spine while performing daily 
activities are axial compression, flexion/extension, lateral bending and torsion.  The spine 
is always under compression, even in the supine position.  It is important to distinguish 
between the loads acting on the disc and stresses produced within the disc.   
 In case of normal healthy disc, any vertical load acting on the disc is distributed 
horizontally by means of special load transfer mechanism.  The compressive load is 
transferred from one vertebral end-plate to the next by means of nucleus pulposus and 
annulus fibrosus.  The applied load on the disc creates hydrostatic pressure (Intradiscal 
Pressure) inside the nucleus.  This pressure acts on the inner annulus fibrosus layers and 
pushes the surrounding annulus in all directions.  The annulus fibers resist applied loads 
when they are in a stretched condition, which may occur either due to application of the 
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hydrostatic pressure exerted by the nucleus or upon application of tensile forces.  Thus, 
after the application of a load, the central portions of the two adjacent end-plates are 
pushed away from each other45,46 and the annular ring is pushed radially outward47-49.  
The compression load produces complex stresses within the annular ring. Figure 2.7 
shows a non–degenerated disc under compression and the resulting stress distribution in 
the annulus, as proposed by White et al30.  In the outer annulus layers, stresses are small.  
The annular fiber stresses are tensile while the axial, circumferential and radial stresses 
are compressive.  In the inner annulus layers, a similar trend of stresses is observed, 
except that the stress magnitudes are much larger.  
 Compression testing has been the most commonly used method for the study of 
mechanical behavior of the disc, because the disc is a major compression-carrying 
component.  Many experiments have been performed to determine the compressive 
mechanics of the intervertebral disc48,50-52.  Typically, the load-displacement curve is of 
sigmoid type (Figure 2.8) with concavity towards the load axis (Y-axis) initially, 
followed by a straight line and then, convexity towards the load axis in the final phase.  
The specific nature of this curve indicates very little resistance at low loads.  As the load 
is increased, the disc becomes stiffer.  In that sense, the intervertebral disc provides 
flexibility at low loads and stability at high loads.  Interestingly, it was observed that 
compression load alone is not responsible for herniation of the nucleus pulposus51,53,54.  
 Generally speaking, the disc is rarely subjected to pure tensile loads.  However, 
the annulus is subjected to tensile stresses because of the load transfer from nucleus 
intradiscal pressure.  Also, in the case of flexion, the posterior region of the disc is under 
tension while in extension, the anterior part of the disc is under tension.  In lateral 
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bending, the tensile stresses are produced on the convex side of the bend and at about 45º 
to the disc plane in case of the axial rotation30.  The experiments done on the annulus 
section55,56 confirmed the hypothesis that intervertebral disc is an anisotropic structure30.     
          Bending and torsional loads are important to study because experimental findings 
suggest that pure compression loads do not damage the disc50.  Bending of 6-8º in the 
sagittal, frontal and other vertical planes did not result in failure of the lumbar disc.  But, 
after removal of the posterior elements and with 15º of bending (anterior flexion) failure 
of the disc was observed48.  It was found that the disc bulged anteriorly during flexion, 
posteriorly during extension, and toward the concavity of the spinal curve during lateral 
bending.  It was also observed that the bulging of the annulus is always on the concave 
side of the curve and that denucleation seemed to increase bulging57.  The hypothesis that 
torsional loading may be responsible for disc injury was first proposed by Farfan50,58.  
When the lumbar spine specimens were subjected to torsional loads around a fixed axis, 
sharp, cracking sounds were heard emanating from the specimen at a deformation angle 
of 20º or so.  It was hypothesized that those cracking sounds came from the injuries to the 
annulus.  The angle of failure was less for the degenerated discs (14.5º) compared to 
normal discs (16º).  Logically, it was also found that large disc exhibited higher torsional 
strength and round discs were stronger than oval discs58.   
 In another experiment, a very high value of 260 N/mm for the shear stiffness (in 
anteroposterior and lateral direction) was reported, indicating that it is rare for an annulus 
to fail clinically because of pure shear loading59.  Thus, it is logical to conclude that 
failure of the intervertebral disc probably occurs because of some combination of 
bending, torsion and tension loads30. 
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Viscoelastic Characteristics 
 The intervertebral disc, like many other biological tissues, exhibits viscoelastic 
behavior.  That means the mechanical behavior of the disc is sensitive to the rate of 
loading and time history.  Viscoelastic behavior is typically composed of two 
components: viscosity and elasticity.  Creep and relaxation testing are generally used for 
quantification of viscoelastic behavior.  Creep tests involve application of a constant load 
(the resulting displacement is measured as a function of time) while relaxation tests 
involve application of a constant deformation (the resulting decrease in load is measured 
as a function of time). 
 In one experiment, three different loads were applied during creep testing, for 70 
minutes, on lumbar spinal segments54.  The higher loads produced greater deformation 
and faster rates of creep.  It was also found that the creep behavior is closely related to 
the level of disc degeneration60.  The normal discs creep slowly and reach their final 
deformation value after considerable time, as compared with the degenerated discs30. 
 Typically, all viscoelastic structures exhibit hysteresis.  Intervertebral discs also 
show this phenomenon in which there is loss of energy after repetitive loading-unloading 
cycles.  Hysteresis in the intervertebral discs is observed to vary with the applied load, 
age and disc level53.  It is directly proportional to the applied load level.  Very few fatigue 
tests have been done on the lumbar intervertebral discs30.  In one study, a small constant 
axial load and a repetitive forward bending motion of 5º was applied on the intervertebral 
disc.  The disc showed signs of failure only after 200 bending cycles and failed 
completely after 1000 cycles48,61.   
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 The effect of preload on the lumbar spinal segment has been studied at length by 
Panjabi et al61.  It was found that the spine became more flexible in the presence of 
preload, with the physiological forces directed laterally or anteriorly.  However, the 
preloaded spine was less flexible when subjected to axial tension or axial torsion.  No 
appreciable changes were noticed in case of axial compression, posteriorly directed force 
or extension moment due to preload.        
2.3 Degenerative Disc Disease 
As the human life progresses, significant changes occur in the lumbar disc 
components.  Intervertebral Disc Degeneration (IVDD) can be defined as the loss of 
normal disc architecture accompanied by progressive fibrosis.  At birth, the water content 
of the annulus fibrosus is about 80% and that of the nucleus pulposus is about 90%.  This 
water content decreases eventually up to as low as 70% or less, in case of nucleus62.  
With age, nuclei transform from gelatinous substance (90% water) into more solid-like 
structure.  A further decrease in the number of healthy nuclear cells also takes place.  In 
the annulus fibrosus, macroscopic changes are not readily discernible unless nuclear 
changes are advanced.  However, microscopic changes such as, fragmentation of fibers, 
mucinous degeneration of fibers leading to cyst formation and focal aggregation of the 
collagen to form round aggregates of amorphous material, are observed in early stage of 
degeneration63.  Reduction in the disc height, to a limited extent, occurs during adult life 
as the water content of the nucleus reduces.  This disc narrowing is also associated with 
the bulging of the annulus towards the circumference of the disc64.  Loss of disc height is 
clinically important because it eventually leads to nerve root opening14,65,66.  The salient 
features of IVDD are the loss of gelatinous nucleus pulposus, gradual disappearance of 
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the originally well defined border between the nucleus and annulus, coarsening of the 
annulus lamellae, progressive fibrosis and later fissuring of the annulus fibrosus with the 
deposition of the aging pigment67-70.                       
 With age and degeneration, total PG content decreases while the keratin sulfate / 
chondroitin ratio increases.  It is suggested that degradation occurs in the hyaluronic acid 
binding region and that proteoglycan synthesis is slower in IVDD71.  It was also proposed 
that the decrease in PGs content results from cell death due to lower pH66.  Because of 
this, the nucleus is unable to retain enough water for generation of intradiscal pressure as 
in the case of the normal discs.  The load transfer mechanism is clearly altered in the case 
of a dry nucleus.  Because of this, the end plates are subjected to reduced pressure at the 
center and the more pressure around the periphery.  The stress distribution in the annulus 
is also altered significantly.  Figure 2.9 shows the load transfer mechanism in case of a 
degenerated disc, as proposed by White et al30.  Outer annulus layers of the degenerated 
disc experience circumferential stresses which are near zero or tensile.  In the inner 
layers, the fiber stress is compressive.  The circumferential stress is very small, annular 
stress is tensile and peripheral stress nearly vanishes72.  Essentially, the nucleus does not 
perform its function of load transfer and the load transfer occurs through an end plate – 
annulus – end plate route.  The annulus is subjected to abnormal stresses (mostly 
compressive), although it is naturally structured to support tensile stresses.  Because of 
this altered load mechanism, the annulus is more prone to injuries and cracks/fissures first 
develop into the annulus.     
 With continued degeneration, the central nucleus may migrate through the crack 
developed in the annulus towards the periphery.  The migration of the nucleus material is 
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referred to as ‘disc herniation’.  The migrated material may impinge on the nerve root.  
The contact of the migrated nucleus with the nerve root irradiates debilitating back pain.  
Also, the herniated material elicits an inflammatory response because of the avascular 
nature of the nucleus14.  The reduction in the disc volume leads to instability, resulting in 
the growth of bone, endplates and ligaments to compensate for this volume loss (Spinal 
Stenosis).  
 It is difficult to distinguish between the effects of aging from that of degeneration 
on the biomechanical behavior of the lumbar disc.  The biomechanical behavior of the 
disc is dependent upon its state of degeneration which in turn depends upon the age.  It 
was found that disc degeneration first appears in males in the second decade and in 
females a decade later.  It was also observed that by age 50, almost all lumbar 
intervertebral discs (97%) are degenerated73, though not all are symptotatic.     
2.4 Treatment Options 
2.4.1 Conservative Treatments 
 The most common conservative treatment is bed rest.  This helps in the reduction 
of the intradiscal pressure.  However, this treatment is only effective for very early stage 
disease patients and does not provide much benefit when the pain/disease stage is severe.  
It may lead to muscle atrophy and deconditioning.  There are many drugs including 
muscle relaxants, sedatives and analgesics to alleviate lower back pain.  Other treatments 
such as ultrasound, chiropractic therapy, electrotherapy, magnetic fields are also in use.  
However, the effects by these treatments are temporary and furthermore, these do not 
treat the root cause of the lower back pain.  When these treatments fail, the patient is 
generally referred for surgery. 
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2.4.2 Surgical Treatments 
Discectomy and Spinal Fusion are the most popular surgical treatments for lower 
back pain.  Discectomy is employed when disc herniation occurs and the migrated 
nucleus is impinging on the nerve root, causing back pain.  This method is followed when 
the annulus degeneration is not severe.  In this surgery, the impinging portion of the disc 
i.e. the nucleus pulposus and part of the annulus is excised in order to relieve the pressure 
on the nerve root.  This eliminates the back pain in 90-95% of the cases19.  However, the 
aim of this procedure is to reduce the back pain and not to restore the normal 
intervertebral disc biomechanics20.  The nucleus pulposus is still in the dehydrated state 
and the annulus (or, part of it) is still likely under abnormal compressive stresses.  
Furthermore, after discectomy, the operated disc may experience additional stress leading 
to the path of degeneration for coming years.   
Spinal fusion, on the other hand, is for patients having chronic back pain and 
whose annulus is severely damaged.  This procedure involves inducing bone growth 
across the adjacent vertebrae (functional spinal unit).  This reduces back pain and 
eliminates disc loading at the cost of mobility of the patient.  Again, the aim of this 
approach is to reduce back pain and not to restore the normal intervertebral disc 
biomechanics.  Regardless of the extent to which it is performed, the results of spinal 
fusion vary extensively.  Also, the lack of motion within segments can lead to further 
degeneration of the adjacent discs25, creating more instability and pain.  This in turn, may 
lead to repeat surgeries until the entire lumbar spine is fused.  In one long-term study of 
fusion, it was found that 44% of the patients were currently still experiencing low back 
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pain, 50% had back pain within the previous year, 53% were on medications, 5% had late 
sequeli secondary to surgery, and 15% had repeat lumbar surgery74.   
This suggests the need for new, effective alternatives to treat and cure the lower 
back pain. 
2.5 Emerging Approaches for Lower Back Pain Treatment 
The motivation behind exploration of new and better solutions for the treatment of 
lower back pain is the failure of current treatments (conservative and surgical) in terms of 
the restoration of the disc height and normal disc biomechanics.  This is further 
aggravated by the complications that may occur after the surgical treatments, such as 
discectomy and/or spinal fusion. 
Total disc replacement, where an entire diseased disc is removed and replaced by 
a synthetic implant is an emerging approach as an alternate to current surgical procedures 
for the treatment of the lower back pain. The other potential approach is nucleus pulposus 
replacement, where only the nucleus portion of the disc is replaced either by a synthetic 
implant or recreated using tissue engineering technique. 
2.5.1 Total Disc Replacement 
This approach target for later stages of disc degeneration (Galante Grade IV)55, 
where the annulus is severely degenerated and is beyond repair.  The diseased disc is 
entirely removed and replaced by a synthetic material.  A similar approach for total knee 
and hip replacement is highly successful.  Disc replacement may serve to eliminate the 
back pain and restore the physiological motion.  This total disc prosthesis would be better 
option to spinal fusion and/or discectomy as it allows the physiological motion between 
the adjacent vertebrae.  Another advantage would be that the effectiveness of the surgery 
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will not be dependent on the integrity of the annulus or degeneration state8.  Total disc 
prostheses are susceptible to the inherent problems in the composite materials such as 
weak interfacial bonding and wear.  To simulate the natural structure and function of the 
functional spinal unit, total disc prostheses should also have adequate fixation to the 
vertebral end plate and vertebrae.   
The principal advantage of using an all-metal total disc prosthesis is the inherent 
high fatigue strength of theses materials.  It was suggested that a material should 
withstand fatigue test loading up to 100 million constant amplitude cycles3,75.  This is 
equivalent to a 40 year life span.  This goal of the implant fatigue design is rational, 
because the degenerative disc disease progresses in the third decade or so.   
Knowles76 filed a patent for a device, which would serve as a wedge between the 
spinous processes posteriorly.  However, it does not restore any natural flexibility to the 
disc14.  Hedman et al3. designed an all-metal disc which is composed of two Ti-6Al-4V 
(Ti alloy with 6wt% Al and 4wt% V) springs placed between the hot isostatically pressed 
or forged CoCrMo endplates with CoCr beads sintered to the endplates to ensure bony 
ingrowth fixation.  The device was fatigue tested up to 100 million cycles in vitro.  It 
was, however, shown that this device generated wear particles from both the 
spring/endplate interface and hinge/pin interface77.  An artificial disc composed of upper 
and a lower cup-shaped plate was designed by Patil78.  The plates were anchored to the 
bone by a series of spikes, emanating from the plates.  No detailed experimental results 
have been published on this device.  It was speculated that79 the spring system designs 
(such as by Hedman3 and Patil78) grossly oversimplify the spinal motion and are subject 
to possible tissue interpenetration.  A prosthetic device shaped as a ball and socket, was 
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proposed by Salib et al80.  Although, six degrees of freedom were allowed, device motion 
while loaded in compression was expected to cause increased friction and generation of 
wear debris14.  Artificial disc prostheses made up of polymers and elastomers were also 
proposed.  Stubstad et al81. utilized all synthetic materials for prosthetic disc.  The 
nucleus was made of silicone, while the annulus was made of weaved Dacron® fibers.  
This device supported the tissue ingrowth and fixation in the weave.  Another disc was 
proposed by Downey82 with the central core made up of soft polymeric foam and the end 
plates made up of more rigid silicone.  One can found reports of many similar designs 
using polymeric materials in the literature14.  Lee et al83. and Parsons et al84. proposed a 
novel approach by taking into consideration the compression-torsional stiffness in the 
design of an artificial disc.  The disc was studied extensively in vitro, in vivo, and with 
finite element models85.  However, a lack of fixation between the implant and the 
vertebral bodies prevented theses devices from being tested clinically8.   
The SB Charite III disc by German orthopaedic surgeons in conjunction with 
Link® has undergone the longest clinical trials among all the artificial discs proposed.  It 
consists of an ultra-high molecular weight polyethylene (UHMWPE) sliding core 
positioned between two CoCrMo endplates.  The clinical results of the disc showed that 
92% of the group had preoperative back pain and 40-50% reported a reduction in leg 
pain.  This device does not attempt to simulate the intact disc mechanics.  It was claimed 
that86 Charite III disc design is unconstrained with a center of rotation that is too anterior 
and projects that the polyethylene core would undergo cold flow in about four years.  Lee 
et al79. suggested that dislocation of the implant in vivo is due to the unconstrained nature 
of the sliding polyethylene core.  Over 2000 SB Charite discs have been implanted in 
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patients since 19848.  European clinical trials over 2-5 years showed satisfactory results 
in 63% of the patients87.   
In the United States, Steffee88 developed an artificial disc, Acroflex®, in 
collaboration with Acromed Corporation.  This prosthesis consists of a hexane based and 
carbon black filled polyethylene rubber core.  This rubber core was vulcanized to two 
titanium plates, which was subsequently modified to avoid release of a carcinogenic 
chemical.  This was the first intervertebral disc prosthesis approved by the FDA to 
undergo clinical trials. 
Many research groups have proposed somewhat similar artificial disc design for 
replacement of the diseased disc.  A few important designs proposed over the time are 
those by Fuhrmann et al.89, Pisharodi90, Main et al.91 and Marnay92.  Figure 2.10 shows 
some of the prostheses designs developed earlier.     
2.5.2 Nucleus Pulposus Replacement 
2.5.2.1 Synthetic Materials as a Substitute for the Nucleus Pulposus 
The nucleus pulposus is a major component of the intervertebral disc and is 
actively involved in the disc function and load transfer mechanism.  It is also involved 
with the pathologic changes of the disc.  Researchers began to consider the nucleus 
replacement because of the benefits associated with it compared to the total disc 
replacement.   
The advantages of the nucleus replacement, either by a synthetic material or by 
tissue engineering approach, are significant.  The rest of the disc components i.e. the 
annulus fibrosus and the end plates, remain intact.  Preserving of the natural tissue 
structure also preserves their natural function.  This facilitates simpler implant design and 
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faster manufacturing process.  The complexity and complications involved in the design 
and implantation of the total disc replacement are avoided.  This approach would also be 
less invasive as compared to total disc replacement.  The major problem of implant 
fixation to the vertebrae/end plate does not arise in the nucleus replacement.  The time 
required for surgical procedure would be much smaller compared to the total disc 
replacement and may approach to the time required for a discectomy8.  Nucleus 
replacement, as in case of total disc replacement, aims for restoration of the normal disc 
mechanics and functions, in contrast with the current surgical procedures of the 
discectomy and the spinal fusion, as described previously. 
Bao and Yuan93 have detailed the requirements for design of nucleus prosthesis.  
Nucleus implant, in addition to meeting the basic requirements such as biocompatibility 
and fatigue strength, should restore the normal load distribution.  It should have sufficient 
stability in the space and should also avoid excessive wear on the end plate-implant 
interface.  For that matter, the nucleus implant with low friction surface and good 
conformity with the nuclear cavity would be desirable.  An ideal nucleus implant should 
also restore the natural body fluid pumping action.  From a surgical point of view, the 
implant should be easy to implant in the patient and the implantation procedure should be 
compatible with various discectomy techniques with minimum invasive surgery. 
Although Nachemson, in early 1960s used silicone as a nucleus replacement94, the 
first human implanted nucleus prosthesis was developed by Fernstrom in 196695.  This 
device was made of solid stainless steel ball, which was designed to serve as a spacer 
allowing movement between the adjacent vertebrae.  This did not restore the normal load 
distribution and was discarded because of the basic problems such as implant migration 
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within the cavity and subsidence.  It was realized that the solid metals are too stiff as 
nucleus implants.  The elastic nucleus prostheses made of elastomers were proposed, 
either into ‘in situ formed’ nucleus prostheses or ‘preformed state’.  
The ‘in situ formed’ nucleus prostheses are based on the concept of injecting the 
curable polymer into the created disc space and allow in situ curing of the polymer to 
form a prosthesis.  Since the polymer is not in the final desired shape, it can be injected 
with a minimal surgical invasive procedure through small annular incision, before it is 
allowed to cure.  The benefits of this approach would be better filling of the nuclear 
cavity, better load distribution and stability93.  However, some points of concern would 
be the resulting load distribution, fatigue strength and curing time.  As the polymerization 
would complete in the body, it should be achieved with minimum if any non-toxic 
leachables. 
The ‘preformed’ nucleus implants, on the other hand, offer more consistent 
properties and better control on the design/manufacturing of the implants.  Preformed 
implants are more suitable for characterization purposes and can be manipulated 
relatively easily to achieve the desired material properties.  The potential problems with 
this approach would be the filling of the nuclear cavity and invasive surgical procedures.  
There is also a new design concept, which focuses on the nucleus implant shape/size.  
The implant size can be very small during the implantation and the original (desired) size 
can be regained after the implantation.  Use of collapsible balloons is feasible for this 
approach, wherein, the collapsible balloon can be inserted in the cavity and then inflated 
using an incompressible fluid93.  Implantation of hydrogel nucleus prosthesis in a 
dehydrated shape (before implantation), which would rehydrate in the disc, is also a 
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feasible approach93.  Although, nucleus replacement is beneficial compared to the current 
surgical procedures, it will be of no use in the cases where the annulus degeneration is 
severe and the disc is in the later stages of degeneration. 
 Eysel et al.96 studied the behavior of a prosthetic lumbar nucleus in 
flexion/extension, right/left side bending and right/left torsion, using a prosthesis disc 
nucleus (PDN) developed by Ray38.  Three different conditions were tested as intact, after 
nucleotomy and after implantation of two PDN devices.  They recorded an increase in the 
segmental mobility in all directions after nucleotomy, between 38-100%.  Implantation of 
two PDN implants restored the segmental mobility as compared to the intact segment.  
Creep response of these implants was also studied97.  It was recorded that the PDN device 
restored the viscoelastic behavior of the intact spine.  The PDN device was also studied in 
the baboon lumbar spine98.  However, the results in that experiment were not satisfactory.  
A progressive loss in disc height, end plate degeneration, implant subsidence and 
increasing sclerosis at adjacent vertebrae were observed.  In summary, the nuclear cavity 
was not filled properly and migration of the implant in vivo could be one of the potential 
problems.  The size of these implants, which are placed side-by-side in medial-lateral 
position, requires annular window to be bigger than that required in case of discectomy8.  
Plus, their specific shape may not mimic the natural load transfer mechanism, where the 
hydrated nucleus generates intradiscal pressure and applies tensile stresses to the annulus.   
 In another study, fatigue durability of the disc nucleus system in a calf spine 
model was studied99.  An in situ polymerizable protein hydrogel device (BioDisc) was 
used as a nucleus implant.  It is introduced as a liquid into the disc space, which cross-
links to form a durable hydrogel, which would maintain the disc height and stability 
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while preserving motion.  The specimen was loaded to 10 million cycles to assess the 
mechanical durability of the implant.    
 Biomechanics of the multisegmental lumbar spine with a prosthetic nucleus was 
studied by Dooris et al.100  The nucleus implant was in situ curable polymer.  A catheter 
and balloon system was used for the implantation purposes.  A liquid polymer was 
injected using this system under controlled pressure, by inflating the balloon.  The 
implant is advantageous in the sense that it requires the minimum invasive procedure and 
potential to be performed arthroscopically.  However, localized heating of the tissue 
could be a potential problem, as polymerization is an exothermic process.   
 Hou et al.101 used silicone rubber for nucleus replacement in vitro and in 
monkeys.  The results from the monkey model were satisfactory as no adverse reaction 
was observed from the surrounding tissue.  A concept of fluid filled bladders was also 
proposed102 in order to mimic the fluidic nature of the natural nucleus pulposus.  
However, in such a design, rupture of the bladder wall could often pose serious problems. 
 A poly (vinyl alcohol) (PVA) nucleus prosthesis was proposed by Bao et al.14,103  
The nucleus prosthesis aimed for restoration of the normal function of the intervertebral 
disc by means of mimicking both the mechanical and physiological properties of the disc.  
The PVA hydrogel material can absorb large quantities of water, more similar to the 
natural nucleus.  It can act similarly to the nucleus pumping action, where the implant can 
absorb and release water, based on the applied load.  A baboon test model of the PVA 
nucleus implant showed no adverse local or systemic tissue reaction8.  However, this 
PVA implant may not be stable in the human body considering the fact that PVA is a 
semi-crystalline polymer, which is hydrophilic in nature.  The implant can undergo 
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dissolution in the body, which involves unfolding of the polymer crystal chains that can 
join the amorphous part of the polymer chain, then disentangle and dissolve eventually.  
This may lead to decreased mechanical properties as a result of larger mesh size104,105.  
Another design was proposed by Bao et al.106 which consist of an aperture sealing device.  
This aperture sealing device is proposed to be used with the implantable PVA nucleus 
replacement.  
 It has been shown that sheep lumbar intervertebral discs can be used as a model 
for the human discs107.  Recently, Meakin et al.108 replaced the nucleus pulpous of the 
sheep intervertebral disc by polymeric material.  The effect of denucleation and effect of 
nucleus replacement by a polymeric material on the bulging of the annulus was observed.  
Video recording of sheep discs, sectioned in the sagittal plane was performed.  When the 
nucleus was removed from the specimen, inward bulging of the annulus was observed.  
Three polymeric implants with different shapes and different material moduli were used 
as a nucleus replacement.  It was observed that the outer annulus bulged outwards during 
the compression, for both intact and denucleated condition.  However, in the denucleated 
condition, the inner annulus bulged inwards.  This inward bulging of the annulus was 
reversed by inserting the polymeric implants into the denucleated specimen.  Based on 
the experimental observations and finite element modeling, it was concluded that a solid 
implant with a Young’s modulus in the range of 0.2 – 40 MPa can prevent the inward 
bulging of the annulus, observed in case of the denucleated condition.  They also 
concluded that a nucleus should ideally have a Young’s modulus of 3 MPa with total fill 
of the nuclear cavity.  However, their prediction generates couple of concerns.  The 
specimens used were sheep specimens and the results of the sheep specimens may not be 
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valid for the human lumbar intervertebral discs.  It was difficult to determine the fill of 
the nuclear cavity with the implantation approach followed in that experiment.  Also, the 
ideal value of the implant modulus predicted using the finite element model (E=3 MPa), 
is based on the selected properties of the annulus fibrosus, as an isotropic, elastic material 
for simplicity.  Actually, the annulus is an anisotropic structure and can exhibit large 
strains, in contrast to the definition used by Meakin et al.108  Although, this experiment 
provided some novel insights into the sheep disc mechanics, care should be taken in 
drawing the conclusions for the human lumbar discs from their data. 
2.5.2.2 Regeneration of Nucleus Pulposus using a Tissue Engineering Approach 
Use of tissue engineering for the regeneration of the degenerated nucleus 
pulposus of the lumbar intervertebral disc is still in infancy.  Very few groups have tried 
to use this approach for the replacement of the nucleus, with a moderate success.   
Stone109 has attempted to regenerate the intervertebral disc using a scaffold of 
biocompatible, bioresorbable glycosaminoglycan fibers.  This was designed so as to 
allow cell growth in the scaffold.  Another tissue engineering approach for the nucleus 
replacement was proposed by Gan et al.110,111  They implanted nucleus pulposus cells on 
PLGA (polylactide-co-glycolide) and bioactive glass substrates.  The results were 
encouraging in terms of cell adhesion and proliferation of cells on both scaffolds.  The 
bioactive glass with calcium phosphate rich layer was found to induce cellular activity 
better than that of PLGA.  However, it was not clear whether the matrix was of healthy 
nucleus pulposus cells.   Also, considering the avascular nature of the disc/nucleus 
pulposus, there are concerns with the feasibility of this approach into the practice.  
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Because of the avascular nature of the nucleus, it would be very hard to perform basic 
functions in the tissue engineering viz. cell migration, cell adhesion and cell growth.   
This approach is reasonable in an era of tissue engineering solutions. However, 
cell and molecular biologists are still struggling to determine the nature of the nucleus 
pulposus cells, and so setting and meeting the requirements of regenerating the tissue, 
although promising, has many challenges to overcome before its adaptation into the 
clinical practice.    
2.6 Nucleus Implant Biomechanics 
 Very little work is done that reveals the details of the resulting disc mechanics 
after the nucleus replacement, either by a synthetic material or by a tissue engineering 
approach.  Although, there are reports of the mechanical behavior of the nucleus 
implanted lumbar disc75,85,87,96-101,108,112-115, there is not much understanding about how 
the nucleus implant would work, the design requirements of an ‘ideal’ implant and how it 
will mimic the natural mechanical behavior of the intervertebral disc for restoration of the 
normal biomechanics. 
 As described in the previous section, Bao et al.93 have mentioned the requirements 
of an ideal nucleus implant.  Ideally, the nucleus implant parameters will also play major 
role in the resulting mechanical behavior of the nucleus implanted intervertebral disc.  
Especially, the implant material properties (e.g. Young’s modulus and Poisson’s Ratio), 
implant geometrical parameters (such as height and diameter) in reference with the 
created nuclear cavity and shape of the nucleus implant (cylindrical, spherical, spiral, 
pillow-shaped or cone shaped) would determine the nature and extent of restoration of 
the mechanical behavior of the implanted intervertebral disc. 
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 Ideally, a nucleus implant should mimic the natural load transfer mechanism 
observed in a healthy disc.  It should generate the stress on the inner annulus layers, 
which is equivalent to the natural intradiscal pressure generated by a hydrated nucleus 
pulposus.  This would facilitate the restoration of the stiffness/mechanics of the 
implanted disc by means of applying tension to the annulus fibers, exactly as in the case 
of normal intervertebral disc.  At the same time, it should not put additional or abnormal 
stresses, especially on the cartilaginous end-plate and annulus layers.  The implant should 
have good fatigue strength in order to serve for a reasonable time period of at least 15 
years, which corresponds to 15 million loading cycles approximately. 
2.7 Finite Element Modeling of the Lumbar Intervertebral Disc 
 Considering the complex structure of the IVD and the diverse stresses to which it 
is subjected under physiological loading conditions, it is clear that experimental 
techniques alone are not sufficient to fully characterize the overall mechanical behavior 
of the motion segment. This was corroborated by the technical complexities which 
precluded the measurement of the stress state, deformation and disc bulge at different 
locations throughout the motion segment. This provided the motivation for the 
development of numerical methods, such as finite element analysis, to expand the 
experimental data in order to characterize the IVD parameters, which may be difficult to 
measure experimentally. 
 Many researchers have simulated the intervertebral disc mechanics using the 
finite element method.  Belytschko et al.116 were the first to use the finite element method 
for understanding of the intervertebral disc mechanics.  The disc-body unit was assumed 
to be an axisymmetric object and annulus as a linear orthotropic material.  This model 
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was further expanded to accommodate the nonlinear (orthotropic) properties for the 
annulus keeping all other parameters unchanged117.  Values of the required properties of 
the annulus were found by matching the predicted Load-Displacement behavior with the 
corresponding experimental Load-Displacement behavior.  A different approach was 
followed by Lin et al.118, in which the annulus was defined as a linear orthotropic 
material.  The required parameters of the annulus were determined by using an 
optimization scheme.  Spilker119 followed a different path for understanding of the disc 
mechanics.  He reported the results of a parametric study based on a simple model of the 
disc, where the annulus was defined as a linear isotropic material.  These models all fail 
to capture the orthotropic, non-linear behavior of the annulus fibrosus, clearly a 
challenging objective. 
 The first attempt to make a realistic finite element model of the lumbar 
intervertebral disc, considering the composite nature of the annulus fibrosus was made by 
Shirazi-Adl et al.72  For the first time, this model accounted for both material and 
geometric nonlinearities alongwith the representation of the annulus as a composite of 
collagenous fibers embedded in a matrix of ground substance.  The nucleus was modeled 
as an incompressible, inviscid fluid.  The model was based on the lumbar L2-L3 
functional spinal unit.  This model was compared to the experimental observations of 
Load-Displacement behavior, disc bulge, end-plate bulge and intradiscal pressure.  The 
stress distribution and strains in the cortical/cancellous bones, end-plates, annulus fibers 
and annulus ground substance were reported under compressive load.  It was found that 
with a fully incompressible nucleus, the most vulnerable elements under the compressive 
loads are the cancellous bone and the end-plate adjacent to the nucleus.  Interestingly, for 
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a fully denucleated spinal unit (simulating a degenerated condition) under compressive 
load, it was predicted that annulus bulk material was also susceptible to failure.  The 
model predicted that the annulus fibers however, would remain intact under compressive 
load.  Although this model was a milestone in the finite element modeling of the lumbar 
intervertebral disc, their modeling approach raises couple of concerns.  Every test 
specimen is a different in terms of its mechanical behavior because of the biological 
variation with age, sex, disc level, work habits and loading history it had endured.  This 
model takes into account two extreme conditions of intervertebral disc, for nucleus 
pulposus definition, either as an incompressible fluid or totally devoid of a nucleus.  This 
may be sufficient for modeling purposes.  However, in reality the nucleus is neither an 
incompressible fluid, nor it is totally removed for most of the patients.  The nucleus 
pulposus structure is actually gum-like and is somewhere in between the solid-fluid with 
almost incompressible properties and it exhibits significant viscoelastic behavior (a 
function of rate of loading)10,33,120.  Similarly, the annulus of every disc is different and 
thus precludes the common definition of the annulus with certain number of lamellar 
layers and fibers in a matrix substance.  The type of collagen in the annulus also changes 
with age, thus altering its mechanical properties.   
 The same model72 was expanded to assess the effect of axial torque in 
combination with compression121 and sagittal plane moments122.  It was found that axial 
torque, by itself, can not cause the failure of the disc fibers, but can enhance the 
vulnerability of those fibers located at the postero-lateral and posterior locations.  In 
flexion, relatively large intradiscal pressures were predicted while in extension, negative 
pressures (i.e. suction) of low magnitude were predicted.  It was concluded that122 the 
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large flexion moments in combination with other loads is a most likely cause of disc 
prolapse, generally found at postero-lateral location of the annulus.  The model was also 
expanded to simulate the changes in the fluid content of the human lumbar discs123.  
Change in the nucleus volume directly affected the resulting intradiscal pressure.  Loss of 
fluid content increased the contact forces on the facet joints and surprisingly, diminished 
the tensile forces in the annulus fiber layers.  In general, it was observed that the fluid 
gain increased the segmental stiffness while the overall stiffness was reduced with loss of 
fluid.  This model supported the hypothesis that a loss of nucleus fluid would alter the 
normal mechanical function of the nucleus and would expose the annulus layers to lateral 
instability and disintegration.  Such abnormal stress state of the annulus would lead to 
further degeneration of the disc. 
 There were significant efforts by other researchers also, to understand the 
intervertebral disc mechanics using numerical approach by taking into consideration the 
experimental results and physiological conditions of other spine components.  Crisco and 
Panjabi124 compared the lateral stabilizing potential of the lumbar spine muscles as a 
function of the architecture in a finite element model.  The neuro-musculoskeletal system 
was modeled as an elastic system.  It was concluded that the critical load of the spine can 
be increased by increasing its stiffness.  Stabilizing effects of muscles on the overall 
mechanics of a ligamentous lumbar spine were observed by Goel et al.125  It was 
observed that muscles provide the stability to the ligamentous segment.  The model 
predictions supported the hypothesis that osteoarthritis of the facet joints may follow the 
disc degeneration.  In another study, an isolated vertebral body was modeled to assess the 
effect of material properties and loading conditions on the end-plate and cortical shell 
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stress distribution126.  The osteoporotic condition was modeled by reduction of vertebrae 
moduli and/or removal of cortical shell.  To simulate the disc degeneration process, the 
annular tears, nuclear clefts and end-plate fractures were simulated by Natarajan et al.127  
The model was simulated for three different loading conditions of axial compression, 
extension and flexion.  It predicted that failure always started in the end-plate and not in 
the annulus, indicating the end-plate as the weakest structure in the spinal motion 
segment.  It was hypothesized that the intradiscal pressure generation within the nucleus 
produces the bulging of the end plates, which in turn produces the high bending stresses 
in the end-plates.  It was shown that the compressive load to initiate the failure of the 
annulus was about twice as high as that required to initiate the fracture in the end-plate.  
Interlaminar shear stresses and laminae separation of a ligamentous spinal segment was 
studied by Goel et al.128  The model reinforced the clinical observations that the tears 
originate in the postero-lateral region of the disc.  It was hypothesized that the large 
interlaminar shear stresses, caused by asymmetry in the disc structure, along with the 
chemical/structural changes in the disc with age, may be an important cause of further 
degeneration through laminae separation.  The effect of disc height variation on the 
mechanical behavior of the disc was analyzed129.  It was found that the variations in the 
disc height had a significant influence on the axial displacement, postero-lateral disc 
bulge and tensile stress in the peripheral annulus fibers.  However, the intradiscal 
pressure and stress distribution in the longitudinal direction at the endplate-vertebra 
interface was minimally affected by intervertebral disc height variation.  From the 
surgical point of view, the influence of annulotomy technique selection on the disc 
competence and stability was studied by Natarajan et al.130  The analysis showed that 
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both the ‘box’ and ‘slit’ type annular incisions produced similar changes in the 
biomechanical behavior of the herniated disc.  It was predicted that there is no preference 
between these two types of annular incisions (box and slit) as far as the post-surgical 
stability of the disc is concerned.  Pitzen et al.131 did an interesting study to determine the 
load sharing within the healthy and osteoporotic human lumbar spine in compression.  
They found that for an intact healthy condition, 91% of the load was transferred through 
the vertebral bodies and the disc.  Facet joints accounted for only 8% of the total load 
acting.  However, in case of osteoporotic motion segment, 86% of the load was 
transferred through the anterior part and 14% was transferred through the facets.   
 A viscoelastic model to study the changes in load sharing during the fast and slow 
loading rate was analyzed by Wang et al.132  They showed that during the complex 
flexion loading, the motion segment experienced the smaller deformation at faster 
loading rate, which produced smaller loads on facet joints and ligaments.  But, the 
annulus stresses and intradiscal pressure increased during the faster loading rate.  It was 
hypothesized that the higher stresses during the fast movement may constrain the tissue 
and thus safeguards the facet joints by reducing the total angular rotation of the motion 
segment.   
 It is known since long time that the biphasic nature (solid and fluid phase) of the 
disc components plays major role in the loading mechanism of the hydrated intervertebral 
disc.  In the late 1980s, there has been an increasing interest in the modeling of the disc as 
a saturated porous media by using poroelastic approach.  This is a special form of 
viscoelastic model in which one phase (the fluid) can move with respect to the other 
phase (the solid).  An important feature of the poroelastic models is that at equilibrium, 
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the pressure becomes zero for the fluid phase, which thus cannot contribute to load 
bearing.  Simon et al.133 were the first to define the poroelastic model for the 
intervertebral disc in linear form.  The annulus was modeled as an isotropic material.  
Laible incorporated the swelling pressure into a poroelastic model and analyzed the effect 
of swelling pressure on load bearing capacity, overall stiffening of the disc and changes 
in the internal strains of the disc134.  This concept was further expanded by Argoubi and 
Shirazi-Adl135 to accommodate posterior elements (facet joints), geometrical and material 
nonlinearities and variable permeability of the disc components.  The effect of facet 
joints, coupled flexion-rotation, nonlinear strain-dependent permeability and boundary 
pore pressure on the creep pressure was analyzed in this study.  In a similar study, 
Martinez et al.136 showed that the matrix permeability plays a major role in determining 
the transient response of the tissue.  It was also shown that the disrupted regions of the 
annulus fibrosus play a minimal role in load bearing, thus producing increased principle 
stresses in the nucleus region.  Time dependent responses of the intervertebral joints to 
static and vibrational loading were studied by Cheung et al.137  A poroelastic model was 
established to analyze the responses of the fluid flow and stress distribution.  It was 
observed that the loads carried by the annulus and the facet joints increased with time 
under static loading.  The loading frequency significantly altered the fluid flow and 
deformation of the intervertebral disc.  It was concluded that the vibrational loading may 
be able to enhance disc fluid exchange via the fluid pumping mechanism.   
 There are very few models of the artificial disc prosthesis in the literature.  
Langrana et al.85 developed a model for a synthetic disc, which included the geometric 
information and variation of materials characteristics of nucleus, annulus, fibers and 
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ground substance.  The model prediction was compared to the experimental results.  
According to the authors, this model can be used for the design of the synthetic disc 
prosthesis can be used as well as for the understanding of the pathophysiology of certain 
painful disc diseases.  In another study138, mechanical behavior of the tissue engineered 
intervertebral disc was simulated under complex loads.  The validated model predicted 
that a well designed tissue engineering scaffold should preferably have a modulus in the 
range of 5 to 10 MPa and a compressive strength exceeding 1.7 MPa, for restoration of 
disc height and normal stress distribution.             
The only nucleus replacement finite element model available in the literature is by 
Meakin et al.108  It followed simplified approach of modeling the annulus as an isotropic 
solid and nucleus a fluid with a high bulk modulus.  A parametric study of the implant 
modulus variation was done to predict the feasible range of implant modulus.  Based on 
the annular bulging in the intact, denucleated and implanted state, the model predicted 3 
MPa as an ideal implant modulus to prevent inward bulging of the annulus fibrosus with 
total filling of the nuclear cavity.    
2.8 PVA/PVP Hydrogels 
 PVA has been studied extensively for potential biomedical applications.  The 
swelling, chemical and mechanical properties of PVA were formulated by Peppas139-141.    
PVA hydrogels are easy to manufacture and can be produced from a solution.  During the 
process, the solution is subjected to freeze-thaw cycles, which increases the 
crystallization, changes the dissolution properties, mesh size and diffusion properties of 
the hydrogel142.  The mechanical characteristics of the hydrogels can be improved by γ - 
irradiation143.  PVA can release therapeutic drugs from its polymer network105.  It has 
 35
also been investigated as a potential keratoproshteses144 and its potential for a bioartificial 
pancreas design145.  Stammen et al.146 have proposed using a freeze-thawed PVA 
hydrogel in a number of applications including artificial cartilage and spinal disc 
replacement.  They characterized the mechanical properties of the crosslinked PVA 
hydrogels.  An increase in the tangent compressive modulus was observed between 1-18 
MPa up to 60% strain.  It was also found that shear tangent modulus is in the range of 
0.1-0.4 MPa depending upon the strain magnitude. 
 PVP is a hydrogel that also has been investigated for number of biomedical 
applications.  It was used as colloidal plasma substitute147 and has also been used in soft 
lenses28.  It was also investigated by Kao et al.148 for applications such as single-layer 
hydrogel wound dressings and tissue adhesives.  The biocompatibility of the PVP/ β - 
Chitosan hydrogel membrane was also evaluated recently29.  The membranes were found 
to be biocompatible.  They also found that the additions of PVP gave the hydrogel 
polymer network increased strength due to the viscoelastic properties of the polymer.                       
 Characterization of PVA/PVP copolymer blend has shown that a higher PVP 
molecular weight within the blend will lead to more interactions between the PVA and 
PVP.  It also leads to higher blend crystallinity149.  Actually, interactions between PVA 
and PVP occur through interchain hydrogen bonding between the carbonyl group of PVP 
and the hydroxyl group of PVA.  Figure 2.11 shows the schematic of the PVA/PVP 
network.  These interactions can be studied by using standard characterization 
techniques, such as FTIR and NMR.  Both are soluble materials and thus can be purified 
before blending.  A significant benefit of the PVA/PVP blend is that the structure of the 
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proposed implants relies on physical cross-linking, rather than covalent chemical cross-
linking to hold polymer chains together.   
2.9 Summary 
 Lower back pain is generally associated with the degeneration of the lumbar 
intervertebral disc.  With age, the water retaining capacity of the central portion of the 
disc i.e. nucleus pulposus reduces significantly due to compositional changes.  As a result 
of this, the load transfer mechanism in case of the degenerated disc is clearly altered than 
the normal, healthy disc.  The outer portion of the disc i.e. annulus fibrosus, is subjected 
to abnormal stresses (mostly compressive in nature) and thus becomes more prone to 
injuries as it is naturally designed to support the tensile loading.  The nucleus material 
migrates from center to periphery through the cracks/fissures generated in the annulus.  
The contact of the migrated nucleus material with the nerve root results into the 
debilitating back pain. 
 Current surgical treatments such as Discectomy and Spinal Fusion, although fairly 
successful in relieving the lower back pain, fail to restore the normal biomechanical 
motion of the human spine. The post-surgical problems associated with these treatments 
and their low clinical success rate is an added cause of concern.  
 New approaches are emerging for the treatment and cure of the lower back pain as 
a better alternative to the current surgical procedures. These approaches (Total disc 
replacement and Nucleus replacement) aim to relieve the back pain and restore the 
normal biomechanical motion of the human spine.  Total disc replacement aims for 
replacing the whole degenerated lumbar disc with an artificial structure similar to the 
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natural lumbar disc.  Because of the complexity of the disc structure, this approach 
requires the sophisticated design of the artificial disc implant.  
 Nucleus replacement by an artificial material or by a tissue engineering technique 
is another potential approach for the treatment of lower back pain.  Nucleus replacement 
aims for replacing only the degenerated nucleus, keeping the remaining disc structure 
intact.  This approach is however, not feasible for the discs where the annulus is severely 
degenerated. 
 Finite element modeling of the lumbar intervertebral disc mechanics has been 
done extensively.  However, there is not much information available in the literature 
about the nucleus implant mechanics and effect of nucleus replacement on the restoration 
of the disc mechanics.  Especially, precise information about the design requirements of 
the nucleus implant and the effect of individual implant parameters on the resulting 
mechanics of the implanted disc is not available.  This study aims to fill this gap in the 
literature and assess the effect of nucleus replacement by a physically cross-linked 
hydrogel implant on the resulting disc mechanics in axial compression, using both 
experimental methods and finite element modeling.                        
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Figure 2.1. Schematic of the Human Spine (www.adam.com) 
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Figure 2.2. Schematic of the Human Spine Structure (www.adam.com) 
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Nucleus Pulposus 
 
 
Figure 2.3. Schematic of the Lumbar Intervertebral Disc30 
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Figure 2.4. Schematic of the Annulus Fibrosus and Fiber Orientation30 
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Figure 2.5. Schematic of the lumbar functional spinal unit 
 
(http://cpmcnet.columbia.edu/dept/nsg/NSGCPMC/images/spinalmotion.jpg) 
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Figure 2.6. Three Dimensional coordinate system for the lumbar functional spinal unit30 
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Figure 2.7. Non-degenerated lumbar disc under compression30 
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Figure 2.8. Typical Load-Displacement curve for the lumbar functional spinal unit30
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Figure 2.9. Degenerated lumbar disc under compression30
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Figure 2.10. Artificial Disc Prostheses38 
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Figure 2.11. Interchain hydrogen bonding within a PVA/PVP blend 
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3. Objectives 
 
 
 
We propose the use of PVA/PVP hydrogel as a replacement to the degenerated 
nucleus pulposus of the lumbar intervertebral disc.  The focus of this study is to assess 
the hydrogel nucleus implant mechanics in detail, using both an experimental and finite 
element method for the human lumbar intervertebral disc in axial compression. 
Our general premise is that the dehydration of the degenerated nucleus pulposus 
leads to a reduction in hydrostatic pressure on the internal surface of the annulus. This 
results in an abnormal stress state in the annulus tissue and consequently a breakdown of 
the annular tissue seen macroscopically as fissures and tears. 
We hypothesize that a polymeric hydrogel nucleus implant can restore the 
biomechanics of the denucleated lumbar intervertebral disc in axial compression, by 
generating stresses (which are similar to the normal intradiscal pressure in a healthy disc) 
on the inner annulus layers.  We also hypothesize that the nucleus implant material 
(modulus) and geometric (height and diameter) will have a significant effect on the stress 
distribution within the lumbar intervertebral disc and its overall mechanical behavior, in 
axial compression. 
We propose the following specific aims: 
a) Specific Aim 1 (SA-1): (Chapter 4) 
- Development of the test protocol for the human lumbar intervertebral disc in 
axial compression.   
- To assess the effect of partial denucleation on the compressive behavior of the 
lumbar intervertebral disc. 
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b) Specific Aim 2 (SA-2): (Chapter 5) 
- Development of an ‘in vitro’ implantation method for a PVA/PVP hydrogel 
nucleus implant in the denucleated lumbar intervertebral disc. 
- Determine the compressive stiffness of human lumbar intervertebral disc in 
three different experimental conditions of Intact, Denucleated and Implanted. 
c) Specific Aim 3 (SA-3): (Chapter 6) 
- Develop a parametric test protocol to assess the nucleus implant mechanics 
and significance of nucleus implant material and geometric parameters. 
- Experimentally determine the effect of nucleus implant modulus variation and 
‘fit and fill’ effect of the nuclear cavity by nucleus implant geometry 
variation, on the compressive mechanics of the lumbar intervertebral disc. 
d) Specific Aim 4 (SA-4): (Chapter 7)    
- Development of an axisymmetric finite element model of the human lumbar 
disc and validation of that model against the corresponding experimental 
results. 
- Development of a representative finite element model of the human lumbar 
disc to assess the effect of nucleus replacement on the resulting stress 
distribution and prediction of feasible implant moduli range.   
e)  Specific Aim 5 (SA-5): (Chapter 8) 
- Examine the effect of nucleus implant material parameters on the compressive 
mechanics of the lumbar intervertebral disc, using a finite element method. 
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- Examine the ‘fit and fill’ effect of the nuclear cavity by nucleus implant 
height and nucleus implant diameter variation on the compressive mechanics 
of the lumbar intervertebral disc, using a finite element method. 
- Expand the experimental results of the parametric study of the nucleus 
implant parameter variations (Chapter 6) to have better understanding of the 
nucleus implant mechanics and role of individual nucleus implant parameters 
in the compressive behavior of the implanted lumbar disc. 
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4. Contribution of the Nucleus Pulposus towards the Compressive Stiffness of the 
Human Lumbar Intervertebral Disc 
 
 
 
Introduction 
The intervertebral disc (IVD) is the largest avascular tissue in the body and 
constitutes about one third of spinal column height30.  It plays a major role in the 
transmission and distribution of spinal loads.  Three different types of tissues are 
observed in the IVD: central nucleus pulposus (NP), outer annulus fibrosus (AF) and 
cartilaginous end plates (EP).  The central gel like NP is essentially water in a matrix of 
proteoglycan, collagen fibers and other proteins. The high anion charge content of the 
IVD creates an oncotic (osmotic) pressure, which pulls water into the IVD150.  Swelling is 
contained by the relatively stiff vertebral EP and the AF creating a hydrostatic intradiscal 
pressure (IDP).  The IDP creates tension in the AF fibers, which resists any further 
deformation.  The balance of this oncotic pressure and the hydrostatic IDP plays a major 
role in the normal physiologic load transfer mechanism of the disc.   Any vertical load 
acting on the disc is distributed horizontally by means of the IDP and AF fibers in 
tension151,152.   
Many investigators have studied the dependency of IVD mechanical behavior on 
alteration of the NP.  These studies of NP alteration include examination of changes in 
composition with aging and degeneration16,73,120,151,153,154, changes with pressurization155, 
and changes with partial or total discectomy, removal of NP tissue.  Most investigators 
report significant dependency in the in vitro IVD mechanical behavior on removal of NP 
tissue21,22,49,51,54,72,117,156-158.  Compressive loading after removal of NP tissue increases 
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disc deformation, decreases disc height and increases radial bulging, when compared to 
the intact disc49,158. Increased disc deformation results in increased AF deformation and 
has lead to the hypothesis that AF internal stresses increase with NP tissue removal.  
Observation of inner AF layers bulging inward under conditions of compressive loading 
subsequent to partial removal of the NP suggests increased radial stress within the AF 
and supports the hypothesis114,115,157.  Loss of disc height, increase in radial bulging and 
decrease in intervertebral disc pressure are dependent on the quantity of NP tissue 
removed21,22,159.   However, observations on the IVD mechanical behavior as affected by 
NP tissue removal were made in each case with partial injury to the AF21,22,49,51,54,72,117,156-
158.  Annulotomy alone increases disc deformation compared to the intact disc under load 
and the mechanical behavior of the IVD has shown dependency on type, size and location 
of the annulotomy22,160,161.  The mechanism for the mechanical change with annulotomy 
has been attributed to both depressurization and to the annular injury.  
With discectomy, annulotomy and NP tissue removal, the relative contribution of 
the AF injury, the NP depressurization and the NP resection to the AF deformation has 
not been fully delineated.    No information has been reported on the effect of removal of 
the NP on the compressive stiffness of the IVD without surgical injury to the AF.  The 
objectives of the present study were:  1) to develop a method for assessing the 
contribution of the NP to the in vitro mechanics of the disc without injury to the AF 
caused by incision of the AF, a normally followed approach22,49,157,158,160-164 and 2) to 
investigate the effect of denucleation on the compressive stiffness of the IVD.   
Materials and Methods 
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Mechanical tests were performed on human lumbar IVDs in axial compression.   
An approach for removing the NP tissue was developed that avoids injury to the AF.  
Denucleation was obtained by drilling through the superior vertebra to the IVD level and 
excising the NP while maintaining an intact AF. 
Specimen Preparation:  FSUs were harvested from 8 cadavers (3 males and 5 females) 
with an average age of 65 years, within 72 hours of death.  Fifteen lumbar FSUs from L1-
S1 levels were selected for testing based on visual inspection eliminating those with 
obvious damage or degeneration.  Intervertebral motion segments were prepared by 
removing the facet joints, posterior elements and other soft tissues.  Parallel cuts in the 
transverse plane were made through the vertebrae above and below the disc to ensure 
alignment of the axial compression load.  Thus, the specimen consisted of an 
intervertebral disc in between adjacent vertebrae.  The fifteen specimens were frozen in 
sealed bags until the day of testing.  On the day of testing, specimens were thawed for at 
least 2 hours at room temperature in sealed bags prior to compression testing.  
Anatomical measurements of the specimen (disc height, superior and inferior vertebrae 
height, disc major and minor diameter) were performed using a digital caliper.  To 
minimize the measurement error, the average of 3 different measurements at different 
locations was used.   
In addition to the fifteen non-degenerated specimens noted above, one 
degenerated specimen was similarly prepared and tested for observation, but not included 
in statistical analysis.  
Mechanical Testing Method:  The intervertebral specimen was constrained in a custom-
made test fixture with help of screws, which connected the inferior vertebrae to the test 
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fixture.  A commercially available potting mixture (Cargroom®, U.S. Chemical and 
Plastics, OH) was used for potting of specimens in the custom made fixture.  Only the 
inferior vertebra was potted. Care was taken to ensure both that the potted material was 
not touching the IVD and the upper cut surface of the intervertebral specimen was in the 
plane of the upper compression plate, which was attached to the load cell. The superior 
vertebra of the segment was compressed against this flat compression plate to ensure 
axial loading, while allowing adequate access for denucleation of the specimen as the 
compression plate and inferior vertebra were not attached physically.  A solution of 
protease inhibitor was sprayed on the specimens throughout testing.  
Compression Testing Protocol:  An Instron (Canton, MA) mechanical testing hydraulic 
machine (Model 1331) was used for the testing.  The initial baseline position of the upper 
compression plate and lower actuator was ensured and maintained using digital position 
indicators through each tested condition.  The specimens were preconditioned for 50 
cycles at 3% strain (based on the average IVD height).  The load range corresponding to 
this preconditioning was 40N – 140N.  Specimens were axially compressed to 15% of 
total average IVD height.  The testing was performed with a triangular waveform at 0.5 
Hz with a loading rate of 15% strain/sec for 5 loading cycles, for each tested condition.  
The data of the fifth loading cycle was taken for further analysis from each tested 
condition. 
Test Sequence: A series of axial compressive tests were completed on each specimen, as 
shown in Figure 4.1.  First, the intact specimen was tested using the compression testing 
protocol (Intact Condition - IC).  Then, a Cloward core drill bit of 16 mm outer diameter 
and 15.5 mm inner diameter was used to drill perpendicular to the cut surface of the 
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superior vertebra through the bone to the IVD.  This hollow core drill was centered in the 
medial/lateral axis of the vertebral body and positioned approximately 2mm posterior to 
the centerline in the anterior/posterior axis.  A cylindrical bone plug (height equal to that 
of superior vertebra and diameter equal to 15.5mm) above the disc was removed.  For the 
second test condition, the cylindrical bone plug was reinserted and the test protocol was 
repeated (Bone plug Inserted condition – BI).  The bone plug was then removed from the 
upper vertebrae and the nucleus was incised in line with the core drill.  The central 
portion of the nucleus in line with the core drill (equal to 16mm diameter, wet weight 2.5 
to 3.0 gm) was removed using standard surgical instruments, keeping the residual NP and 
the AF intact.  The testing protocol was then run on the denucleated specimen without 
replacing the bone plug (Denucleated condition - DN).   
Data Collection and Analysis:  The data for each tested condition in terms of force-
displacement history were collected using a Labview® program with a sampling rate of 
1000 Hz.  Data for the fifth loading cycle were taken for analysis and instantaneous 
compressive stiffness values (N/mm) were calculated at representative strain levels of 
5%, 10% and 15%, for each condition, for each specimen.  The stiffness values were 
obtained by numerically differentiating the raw data, taking the slope of the line passing 
through the points corresponding to the representative strain levels.  For each strain level 
(5%, 10% and 15%), a one-way, repeated measures ANOVA was performed for 
compressive stiffness with one subject factor (surgical condition: IC-BI-DN).  Fisher’s 
LSD post-hoc analysis was conducted to assess the effect of surgery (IC vs. BI) and 
effect of denucleation (BI vs. DN).  The acceptable rate for a type-I error was chosen as 
5% for all tests. 
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Results  
Figure 4.2 shows a typical load-displacement curve for an intact lumbar 
intervertebral segment under axial compression.  A non-linear force-displacement curve 
was observed.  Figure 4.2 also shows load-displacement curves corresponding to test 
conditions of BI and DN, for a representative specimen with similar non-linearity.  These 
nonlinear force-displacement curves were observed for all specimens under all 
conditions. 
Figure 4.3 shows the intervertebral motion segment compressive instantaneous 
stiffness (N/mm) vs. the strain (%) for three testing conditions of IC, BI and DN.  The 1-
way ANOVA calculations comparing the IC, BI and DN stiffness at 5%, 10% and 15 % 
strain showed significant differences (p < 0.001 at all strain levels). 
Drilling into the vertebrae significantly reduced the stiffness compared to the 
intact condition (for e.g. BI stiffness value 81% of IC @ 15% strain, p < 0.001 at all 
strain levels).  A more dramatic reduction in the stiffness was observed for denucleated 
specimens (for e.g. DN stiffness value 41% of IC @ 15% strain, p < 0.001 at all strain 
levels) after removal of NP material. 
Figure 4.4 compares the compressive stiffness values of all fifteen specimens for 
three testing conditions of IC, BI and DN at 15% strain. All specimens demonstrated a 
drop in stiffness with the simulated surgery (BI) and a further drop when denucleated 
(DN).  It also shows the data for the degenerated specimen, for which stiffness values for 
three conditions were not different, thus generating almost flat line.   
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Discussion    
Compressive stiffness values for intact human motion segments reported in the 
literature vary widely in a range of 700 - 3200 N/mm30,44.  This large variation in the 
reported stiffness is the result of specimen differences with respect to age, degeneration 
stage, disc level, sex and testing protocol.  Nonetheless, the compressive stiffness values 
for intact motion segments reported here, at 10% and 15% strain (1046 N/mm and 1924 
N/mm respectively) are in the reported range for motion segment stiffness thus validating 
our testing protocol.  
Interestingly, we observed a loss of intact motion segment stiffness at all strain 
levels with core drilling of the upper vertebral EP (BI condition) with an observed range 
of 2-38% and a mean decrease of 19%.  Three possible mechanisms for the reduction in 
stiffness observed in the BI condition are offered:  1) NP volume loss 2) EP structural 
change and 3) NP depressurization.   
Previous observations, as well as, observation of our denucleated condition 
suggest that removal of NP tissue reduced segment stiffness and decreased IVD 
height22,49,157,158,160-164.   A relatively linear relation between reduction in disc height and 
volume of tissue removed (0.8 mm/1.0 g) was noted by Brinkman and Grootenboer159.  
One could argue that NP tissue could be forced into the saw kerf in the upper vertebrae 
when the bone plug was replaced and the segment tested.  This was not observed at the 
time of bone plug removal after the test completion, at least supporting the lack of plastic 
deformation of nucleus material into the kerf.  However, elastic deformation remains a 
possibility.  Simple geometric considerations suggest that the kerf volume is no more 
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than 7% of the excised total volume for a disc with 10mm height.  Figure 4.5 shows a 
schematic of IDP change and NP tissue migration for different test conditions.   
Frei et al.165 have recently reported the effect of partial nucleotomy on EP strains 
under compressive loading.  The maximum principle and shear strains were observed to 
be greatest in the central EP with shear strain approximately 1.5 times the principle strain 
at maximum loading of the intact disc.   They also found that discectomy reduced the 
central strain approximately 20%, but the ratio of shear to principle strain remained 
essentially unchanged.   Drilling through the central EP would significantly alter the 
shear strain in the central EP under axial load.   However, the high modulus of trabecular 
and cortical bone compared to that of NP and AF, suggests that the bone would act as a 
relatively rigid body in terms of deformation in comparison to the soft tissues of the disc, 
and therefore, it is hard to explain the loss of stiffness of the BI condition due to the EP 
damage alone.   
Although the loss of stiffness in the BI condition may have contributions from all 
three proposed mechanisms, the most likely candidate for the loss of stiffness is 
depressurization.  Recently, Adams et al.166 observed a 25% reduction in IDP with 
fracture while producing minimal EP damage, which compares to our saw kerf.  As water 
is incompressible, very small changes in volume have the potential to change the 
hydrostatic pressure in a confined space.  However, the majority of the water is held in 
the NP matrix under the balance of oncotic and hydrostatic forces.  There may be a small 
amount of loosely bound water that is capable of flow under very low pressure gradients.  
It is hypothesized that this small volume fraction is depressurized with the saw kerf 
leading to the observed reduction in stiffness in the BI condition.  This hypothesis is not 
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tested, but is supported in considering the converse.  In non-degenerated disc, saline 
injection into the NP immediately and dramatically increases IDP and stiffness49,155. 
After removal of the NP tissue (DN condition) additional deformation of the IVD is noted 
in further reduction of disc height at a given load.  This is seen in the typical load-
displacement curves of Figure 4.2 and is consistent with the reports of disc displacement 
in response to trans-annular discectomy22,49,55,158,159.  As previously noted, annulotomy 
alone decreased disc height, but removal of NP tissue further increased the 
deformation22,49,158,160,161.  This behavior is similar to what was found in our study, 
although annulotomy is not performed leading to speculation that the annulotomy in 
addition to injuring the AF, depressurizes the disc in a manner similar to EP drilling and 
that NP tissue itself contributes to preventing disc deformation.    
Removal of the central NP inline with the core drilling showed on an average 
60% reduction in the motion segment stiffness over the intact condition at 15% strain in 
axial compression and 50% reduction over the BI condition at this strain level.    The NP 
tissue presents several potential mechanisms for contributing to the stiffness of the IDP:  
1) Hydrostatic pressurization of the EP and AF 2) Direct loading of the EP and 3) Poisson 
effect - loading of the AF.   The unconfined modulus of the NP is low compared to that of 
the AF suggesting that direct loading of the EP (parallel spring) does not make a 
significant contribution to the IVD stiffness10.   The NP has very high water content in 
young age, which diminishes with age and degeneration10-12.  The degenerated disc 
specimen in the Figure 4.4 provides additional insight into the role of NP in the overall 
disc mechanics.  The compressive stiffness values for three conditions of IC, BI and DN 
were almost same for this specimen generating a flat line, unlike the other tested 
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specimens, which showed a substantial reduction in stiffness with each intervention.  This 
disc was in a severely degenerated condition and on resection the NP was observed to be 
dry in comparison to those of the other tested specimens.  This suggests that in the 
dehydrated NP state, where no (or minimum) IDP generation is possible, the NP is unable 
to perform its normal role in the load transfer mechanism.  In other words, the intact 
motion segment acted as if it was in the denucleated state offering minimal increase in 
resistance to the deformation over the denucleated state.  The normally observed stiffness 
reduction for BI condition also was not observed in this specimen, probably because it 
was already depressurized prior to testing.  It appears that the NP can exhibit an effective 
hydrostatic pressurization and Poisson effect to load the AF and EP, which is dependent 
on bulk modulus and (the bulk modulus dependency on) water content. It is therefore 
hypothesized that the NP loads the EP and AF through such a mechanism. 
In our experiments, only the nucleus material in line with the drill cavity was 
resected, thus leaving some residual nucleus material in the disc, which was outside the 
circumference of the drilled hole.   After the mechanical testing for the DN condition, this 
residual tissue encroached into that circumference but did not fill it.  This observation of 
inward bulging of the residual NP and inner AF after discectomy is consistent with 
observations made by Seroussi et al.157 and more recently by Meakin et al.114,115  Again 
this suggests that partial removal of the NP alters the internal stresses within the AF. 
Brinkmann and Grootenboer159 observed that the residual NP rearranged itself to 
fill the void created by the removal of NP tissue in discs that had less than Galante grade 
IV55 degeneration.  They argue that it is this spatial rearrangement of NP tissue that 
justifies use of the term intradiscal pressure after discectomy.  However in our case, this 
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was not observed after the loading protocol where the central NP void was maintained.   
In both experiments similar amounts of NP tissue were removed (approx. 3 g).   
However, their technique with use of a rongeur through an annular incision, allowed 
removal of only small pieces of nucleus material in several steps as compared to the 
single step bulk removal of the nucleus material in our method.  This basic difference in 
technique for removing the nucleus material may have caused these contradictory 
observations of rearrangement of NP tissue in the cavity.   
Our observation of a reduction in motion segment stiffness with drilling and 
removal of NP tissue differs with the observations of Shea et al.22  They report that the 
motion segments in which they had performed either standard or percutaneous 
discectomy did not appreciably change motion segment stiffness at 800N loading.   
Observation of Figure 4.2 and Figure 4.4 suggests significant change in the motion 
segment stiffness after drilling through the end plate (BI) and after denucleation (DN).  
The majority of our data was obtained at loads lower than 800 N (for DN condition) 
making direct comparison to their data difficult. This leaves a question as to whether this 
difference is real or a perturbation of the testing methodologies.  Hypothetically, it may 
suggest that the NP has a greater effect on stiffness at lower loads; however no additional 
speculation seems reasonable without further observation.   
The relatively early hypothesis of Markolf and Morris54, that the compressive 
viscoelastic and elastic behaviors of the IVD are determined by the AF and that the 
deformation under compressive loading is dependent on the NP, may still hold.  The DN 
condition approximates the AF only condition and further testing at greater loads for 
comparison to the intact condition is warranted.  Nonetheless, loss of NP tissue results in 
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lower IVD stiffness and probable alteration in the internal AF stresses, particularly in the 
low load/deformation range (toe region) consistent with normal daily activity.  Moreover, 
Panjabi et al.158 showed nearly twenty years ago that compression deformation was 
smallest in response to discectomy considering the six degrees of mechanical freedom.    
This belies the importance of the NP tissue in IVD function and suggests further 
investigation into the biomechanical behavior of this model under other loading 
conditions.   
Total disc replacement and NP replacement are emerging as two possible 
treatments for restoration of the IVD function.  Nucleus replacement (NR) with a 
synthetic material94,112,167 or with tissue engineered structure110, targets earlier stages of 
disc degeneration with the goal of eliminating pain while restoring the height of the disc 
and the normal biomechanics of the IVD.  This later approach may help to preserve the 
AF.  The experimental model presented may serve as an excellent in vitro test bed for 
assessing mechanical efficacy of NRs.  Typical in vivo insertion of an NR requires injury 
to the AF.  In vitro injury to the AF is difficult to effectively repair; hence a trans-annular 
approach for NR implantation alters the mechanical behavior of the motion segment in 
addition to the NR treatment and may sometimes predict the higher nucleus implant 
material properties than required ideally.  Removing the vertebral bone plug and 
replacing it after introduction of the NR may create fewer artifacts in mechanical testing.  
This approach is similar to that of Karduna et al.168 where they cut open the bone, rather 
than cut open the capsule, while studying the kinematics of the shoulder.  Though this is 
more invasive to the bone, it creates less damage to the soft tissue.     
Conclusions 
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An in vitro model for investigating the contribution of the NP tissue to the 
mechanics of the intervertebral motion segment was presented which avoids 
consideration of mechanical artifact introduced by annulotomy.  Removal of the nucleus 
tissue resulted in the 60% stiffness decrease of the intact motion segment at 15% strain.  
Results from this study of compressive loading are in line with prior observations but 
avoid dependencies on annulotomy type, size, and location.  Decreased stiffness 
associated with entrance into the nucleus pulposus seen with trans-annular approaches are 
mimicked for the most part by the trans-endplate approach presented here, which 
suggests a depressurization phenomenon.  This trans-endplate approach may provide an 
experimentally useful model for evaluation of material or tissue engineering based 
nuclear replacements.  
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Figure 4.1. Schematic of testing protocol and implantation method of a lumbar FSU, 
showing the intact, Bone in plug (BI) and Denucleated (DN) condition 
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Figure 4.2. Load-Displacement curve of a typical specimen for different test conditions 
of Intact, Bone in plug (BI) and Denucleated (DN) shows the non-linear behavior for 
each condition 
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Figure 4.3. FSU compressive instantaneous stiffness (N/mm) vs. compressive strain (%) 
for different test conditions of Intact, Bone in plug (BI) and Denucleated (DN) 
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Figure 4.4. Plot of Stiffness (N/mm) at 15% strain of the FSU for each of the three test 
conditions: Intact, Bone in plug (BI) and denucleated (DN) 
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Figure 4.5. Schematic of Intradiscal Pressure (IDP) change and nucleus tissue 
displacement (gray arrows) for different test conditions  
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5. The Effect of a Hydrogel Nucleus Replacement on the Compressive Stiffness of 
the Human Lumbar Functional Spinal Unit 
 
  
 
Introduction 
 
Over five million Americans suffer from chronic lower back pain making it the 
leading cause of lost workdays in the United States.  While the causes of lower back pain 
vary and remain unclear to date, it is believed that at least 75% of the cases are associated 
with lumbar degenerative disc disease1.   
Under physiological loading, the hydrated nucleus pulposus (NP) exerts a 
hydrostatic pressure (Intradiscal Pressure) on the internal annulus fibrosus (AF) layers, 
creating tension in the AF fibers151,152.  In case of a degenerated/damaged intervertebral 
disc (IVD), the dehydration of the NP reduces the intradiscal pressure (IDP) in the IVD 
resulting in greater deformation under load, where the AF is then likely loaded in 
compression14,17,169.  It is our working premise that the loss of disc mechanical integrity 
with NP dehydration results in a cascade of loss of normal mechanical function, tissue 
injury and tissue response.  
Current treatment options such as discectomy and spinal fusion are fairly 
successful in alleviating the pain14,20.  Discectomy is employed when the disc is herniated 
and the annulus degeneration is not severe19.  Spinal fusion on the other hand, treats later 
stages of disc disease by inducing bone growth across the functional spinal unit14,26.  
These procedures may promote further degeneration of either the initially affected disc, 
in case of discectomy21,23 or adjacent IVDs in case of spinal fusion25,26.  The ultimate 
solution to treat for disc degeneration would be the restoration of anatomy and 
biomechanics to that of the healthy disc170.  
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Two main approaches are emerging for restoration of the IVD function: total disc 
replacement14,78,80,171 and nucleus replacement14,94,112.  Currently, total disc replacement 
targets the later stages of disc degeneration to eliminate the pain.  Nucleus replacement 
with a synthetic material94,112,167 or with a tissue engineered structure110, targets earlier 
stages of disc degeneration. 
We propose the use of polymeric hydrogels for replacement of the nucleus 
pulposus.  Prior work in our laboratory has focused on the development of a chemically 
stable hydrogel polymer system172,173.  Hydrogels are polymeric three dimensional 
crosslinked structures that are able to absorb large amounts of water and swell to 
equilibrium141.  Hydrogels offer many advantages including biocompatibility29,174, shape 
memory properties172, and fatigue175.  The objective of this study was to assess the effect 
of nucleus replacement by a hydrogel implant on the compressive stiffness of the lumbar 
functional spinal unit (FSU).  It is hypothesized that replacing the NP with a hydrogel, 
the Poisson’s effect of a polymeric hydrogel under compression will mimic the effect of 
natural intradiscal pressure of a normal NP on the AF and that this reproduced pressure, 
will enable stiffness restoration of a denucleated IVD to that of an intact IVD.      
Materials and Methods 
Nucleus Implant Preparation. A polymer blend containing 95-weight% poly (vinyl 
alcohol) (PVA) (molecular weight, 138,400 – 146,500 g/mol) and 5-weight% poly (vinyl 
pyrrolidone) (PVP) (molecular weight, 10,000 g/mol) was prepared.  10% polymer 
solutions (by weight) of PVA and PVP were prepared by dissolving a mixture of the two 
polymers in deionized water at 90ºC overnight.  The solution was homogenized for 30 
minutes using sonication and cast into Plexiglas® molds (16 mm diameter with various 
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heights).  The filled molds were gelled by six repeated cycles of freezing for 21 hours at   
–19ºC and thawing for 3 hours at 25ºC. 
Nucleus Implant Compression Testing. Unconfined compression tests on cylindrically 
shaped hydrogels were performed on an Instron (model 4442; Canton, MA, USA) 
mechanical test machine at a loading rate of 100% strain/min.  The samples were 
compressed up to 60% strain.  The compression test data was recorded in the form of 
load – displacement curves. 
Human Cadaver Mechanical Testing.  Lumbar FSUs were tested in axial compression 
to assess the ability of the hydrogel to replace the NP and thus restore the biomechanics 
of the intact disc.  Because the biomechanics of the intact disc is dependent on the NP-AF 
interaction, assessment of the hydrogel nucleus implant replacement on the disc 
mechanics can best be achieved if the AF is maintained intact.  Keeping this in mind, a 
novel approach was developed for FSU denucleation. Denucleation was obtained by 
drilling through the superior vertebra to the IVD level and excising the NP.  Thus, we 
avoid injury to the AF, which remained intact throughout the experiment176.  
Specimen Preparation:  FSUs were harvested from 8 cadavers (3 males and 5 females) 
with an average age of 65 years, within 72 hours of death.  Fifteen lumbar FSUs from L1-
S1 levels were selected based on visual inspection eliminating those with obvious 
damage/degeneration.  Intervertebral segments were prepared by removing muscle and 
posterior elements including facet joints and pedicles.  Parallel cuts were made 
perpendicular to the longitudinal axis of the FSU through the vertebrae above and below 
the disc to ensure alignment of the axial compression load.  Thus, the specimen consisted 
of an intervertebral disc in between adjacent vertebrae.  The fifteen specimens were 
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frozen at –19°C in sealed bags until the day of testing.  On the day of testing, specimens 
were thawed for at least 2 hours at room temperature in a sealed bag prior to testing. 
Anatomical measurements of the specimen (disc height, superior and inferior vertebrae 
height, disc major and minor diameter) were performed using standard digital measuring 
instruments.   
Mechanical Testing Method:  The test specimen was constrained in a custom made test 
fixture with help of screws, which connected the inferior vertebrae to the test fixture.  A 
commercially available potting mixture (Cargroom; U.S. Chemical and Plastics, OH, 
USA) was used for potting of specimens in the fixture.  Only the inferior vertebra was 
potted with care to ensure that the potted material was not touching the IVD.  The cut flat 
and parallel surfaces of the vertebrae ensured the axial loading.  The superior vertebra 
was compressed against the flat compression plate attached to the load cell.  This allowed 
adequate access for denucleation of the specimen and insertion of the hydrogel implant, 
as the compression plate and proximal vertebra were not attached physically176.  
Specimens were kept moist throughout the experiment by spraying a protease inhibitor. 
Compression Testing Protocol:  An Instron (model 1331; Canton, MA, USA) 
mechanical testing machine was used.  The initial baseline position of the upper 
compression plate and lower actuator was ensured and maintained through each tested 
condition.  The specimens were preconditioned for 50 cycles at 3% strain (based on the 
average IVD height).  The load range corresponding to this preconditioning was 40N – 
140N.  Specimens were axially compressed to 15% of total average IVD height.  The 
testing was performed with a triangular waveform at 0.5 Hz with a loading rate of 15% 
strain/sec for 5 loading cycles, for each tested condition.   
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FSU Implantation and Test Protocol: A series of axial compressive tests were 
completed on each specimen, as shown in Figure 5.1.  First, the intact specimen was 
tested using the compression testing protocol (Intact condition).  Then, a Cloward core 
drill bit of 16mm diameter was used to drill perpendicular to the cut surface of the 
superior vertebra through the bone to the IVD.  This hollow core drill was centered in the 
medial/lateral dimension of the vertebral body and positioned approximately 2mm 
posterior to the centerline in the anterior/posterior dimension.  A cylindrical bone plug 
(height equal to that of proximal vertebra and diameter equal to 15.5mm) above the disc 
was removed.  For the second test condition, the BI condition176, the cylindrical bone 
plug was reinserted and the test protocol was repeated.  Then, the bone plug was removed 
from FSU and the central portion of the nucleus in line with the core drill (equal to 16mm 
diameter) was removed using standard surgical instruments, keeping the residual NP and 
the AF intact (Figure 5.2).  The testing protocol was then run on the denucleated 
specimen without the bone plug (DN–1, denucleated condition).  A cylindrical hydrogel 
implant with a diameter equal to 16mm and height equal to that of measured average disc 
height was implanted into the cavity formed by removal of the nucleus material.  This 
formed a line-to-line fit of the nuclear defect.  The bone plug was again placed in its 
original position over the hydrogel implant and the testing protocol was repeated 
(Implanted condition).  Finally, the implanted hydrogel and bone plug were removed and 
the specimen was tested again (DN–2, denucleated condition) to determine if there was 
any damage to the specimen during testing.  
Data Analysis:  The load-displacement history data for each tested condition was 
collected using a Labview® program (sampling rate=1000 Hz).  Data for the fifth loading 
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cycle were taken for analysis and instantaneous compressive stiffness values (N/mm) 
were calculated at representative strain levels of 5%, 10% and 15%, for each condition, 
for each specimen.  The stiffness values were obtained by numerically differentiating the 
raw data, taking the slope of the line passing through points corresponding to the 
representative strain levels.  For each strain level (5%, 10% and 15%), a one-way, 
repeated measures ANOVA was performed for compressive stiffness with one subject 
factor (surgical condition: Intact-BI-DN-1-Implanted-DN-2).  Fisher’s LSD post-hoc 
analysis was conducted to assess the effect of surgery (Intact vs. BI), effect of 
denucleation (BI vs. DN-1), restoration ability of the hydrogel (BI vs. Implanted) and 
crosscheck (DN-1 and DN-2).  The acceptable rate for a type-I error was chosen as 5% 
for all tests. 
Results  
  Figure 5.3 shows five different load-displacement curves corresponding to 
different conditions of intact, BI, DN-1, implanted and DN-2, for a representative 
specimen.  This nonlinear nature of load-displacement curve was observed for all 
specimens under all conditions.  Figure 5.4 shows the plot of FSU compressive 
instantaneous stiffness (N/mm) vs. the strain (%) for all five testing conditions.  The one-
way ANOVA calculations comparing stiffness of these five conditions at 5%, 10% and 
15 % strain showed significant differences (p < 0.001).  In all the specimens (at 5%, 10%, 
15% strain), the stiffness for the denucleated conditions (DN-1 vs. DN-2) was not 
significantly different (p=0.92, 0.60, and 0.23, respectively), indicating a return to the 
original denucleated condition after implant removal. 
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 Drilling into the vertebrae (BI) reduced the stiffness compared to the intact 
condition and was significantly different (e.g. stiffness value 80% of Intact at 15% strain, 
p < 0.001 at all strains levels).  A more dramatic reduction in the stiffness was observed 
for denucleated specimens (e.g. stiffness value 44 % of BI at 15% strain,     p < 0.001 at 
all strain levels).  Insertion of the hydrogel implant restored the stiffness of the FSU to a 
value of 88 % of BI at 15% strain and was significantly different than DN-1 at all strain 
levels (p<0.001).  This restoration of stiffness by the hydrogel implant was 92%, 88%, 
and 88%, of BI stiffness at respective strain levels. Stiffness of BI compared to Implanted 
was not significantly different, p>0.05 at all strain levels.   
Table 1 shows the stiffness of the denucleated FSU, the hydrogel alone, and 
hydrogel implanted FSU at various strain levels.  The effect of hydrogel implantation in 
the denucleated specimen is clearly shown in the resulting increased stiffness of the 
implanted specimen (Table 1).  Moreover, the implanted specimen stiffness is far greater 
than the corresponding algebraic sum of the denucleated specimen stiffness and the 
hydrogel. 
Discussion 
This work examined the ability of a PVA/PVP hydrogel to restore the normal 
biomechanics of the lumbar FSU, in axial compression, keeping the AF intact.  The 
hydrogel implant insertion method was intended to maintain an intact AF176 to see if 
insertion of a hydrogel in the nucleus cavity restores the FSU compressive stiffness in an 
‘ideal’ setting.  The insertion method was clearly not intended to represent a clinical 
implantation technique, which would need a significant modification. 
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 Earlier work has been performed for nucleus replacement with a synthetic 
material in cadaveric FSUs96,97,100,113 and in animals98,108.  No human cadaver studies 
have reported the effect of nucleus implant replacement on the pure compressive 
behavior of the FSU.  However, Meakin et al.108 used sheep discs to assess the effect of 
nucleus implant on bulging direction of the AF fibers, in pure compression. The idea of 
nucleus replacement by a synthetic material was demonstrated to be feasible in all of the 
above studies. However, in all of the cases, the nucleotomy was facilitated by making a 
small incision through AF. Our novel approach to nucleus implantation precluded AF 
damage, enabling full interaction of the nucleus implant and intact AF.   
Calculated stiffness values for intact specimens agreed well with those previously 
reported for lumbar FSUs in the literature (772 N/mm – 3040 N/mm)30,44.  The 
restoration of stiffness to the denucleated FSU after implantation with the PVA/PVP 
hydrogel is evident from Figure 5.4.  The general premise that the IVD biomechanics and 
load transfer mechanism results from synergistic effect between the implanted hydrogel 
and the surrounding intact annulus is shown through this experimentation.  Considering 
the data in Table 1, one can clearly see that the summation of the stiffness of the 
‘denucleated’ FSU (e.g. 672 N/mm @ 15% strain) and that of ‘hydrogel only’ (e.g. 2 
N/mm @ 15% strain) do not equal the stiffness of the ‘implanted’ FSU (e.g. 1351 N/mm 
@ 15% strain).  We hypothesize that this non-linear increase in the stiffness observed 
after implantation of the polymeric hydrogel is due to the interaction between the 
polymeric implant and the intact annulus. The Poisson’s effect of the hydrogel (υ≈0.49) 
results in a significant radial displacement in compression.  In case of an intact disc 
(Figure 5.5), load transfer occurs by pushing the annulus radially outwards, which is 
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facilitated by IDP, generated by the hydrated NP.  In case of the denucleated disc (Figure 
5.6), the inner AF fibers bulge inwards and are in compression.  In case of a nucleus 
implanted disc (Figure 5.7), the radial displacement of the implant causes a stress at the 
implant/annulus interface.   It is this stress that mimics the IDP of a normal nucleus and 
presumably creates tension in AF fibers.  The tension in the AF fibers may then allow the 
AF to bear more loads, resulting in higher stiffness of the FSU, through this synergistic 
interaction.  Based on the present study results, the resultant increase in stiffness of the 
implanted condition is not a function of volumetric replacement alone.  It also indicates 
that nucleus implant mechanical properties have significance in the restoration FSU 
mechanics.  In addition, the geometry of the implant (diameter, height and overall shape) 
may also play a role in the stress transfer between the implant and annulus.  A large gap, 
for example, between the nucleus implant and the annulus may not create an intradiscal 
stress of the same magnitude as a line-to-line fit.   
This method of nucleus replacement by a hydrogel may provide an enhanced 
long-term outcome as compared to the current treatment methods, discectomy and fusion.  
Theoretically, hydrogel implantation may preserve the natural AF tissue structure by 
delaying damage to the annulus, associated with alternate loading of the annulus resulting 
from discectomy. Unlike fusion, the load transfer of the implanted IVD would occur 
much like the intact disc, theoretically avoiding degeneration in adjacent IVD segments.   
The implantation of a PVA/PVP hydrogel nucleus in the lumbar FSU showed 
promise in restoration of IVD biomechanics in terms of compressive stiffness.  However, 
considering the complex loading on the spine, restoration of the spine biomechanics 
under combined loading with hydrogel implantation is also of prime importance.   In 
 79
present study, almost complete restoration (~ 88%) of the stiffness in the implanted FSU 
was observed as compared to the ‘BI’ condition.  Further optimization may be achieved 
through alteration in the nucleus implant modulus and ‘fit and fill’ of the nuclear cavity.   
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Figure 5.1. Schematic of Testing Protocol and Implantation Method of a Lumbar FSU 
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Figure 2 – Denucleated Specimen 
 
 
 
 
 
 
 
 
 
Figure 5.2. Denucleated Specimen 
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Figure 5.3. Load – displacement curves of one specimen for five different testing 
conditions 
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Figure 5.4. FSU Compressive Instantaneous Stiffness (N/mm) vs. Strain (%) 
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Figure 5.5. Load transfer in an intact disc by intradiscal pressure generation  
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Figure 5.6. Inward bulging of annulus in the denucleated disc 
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Figure 5.7. Poisson’s effect of polymeric hydrogel nucleus implant 
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Table 5.1. Compressive stiffness comparison of the Denucleated disc, Hydrogel only and 
Implanted disc 
 
 
 
Stiffness (N/mm) 5% Strain 10% Strain 15% Strain 
Denucleated 116.0    311.0    672.0   
Hydrogel Only      0.8       1.7         2.5   
Implanted 277.0  702.0   1351.0   
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6. Nucleus Implant Parameters Significantly Change the Compressive Stiffness of 
the Human Lumbar Intervertebral Disc 
 
 
 
Introduction 
 Low back pain is one of the most important socioeconomic diseases and one of 
the most expensive health care issues today.  The causes of low back pain vary from 
patient to patient and remain unclear to date.  In more than 75% of the cases, the origin of 
the lower back pain is a degenerated lumbar intervertebral disc (IVD)1.  In the normal 
healthy disc, the hydrated NP exerts a hydrostatic pressure (intradiscal pressure) on the 
AF fibers.  This intradiscal pressure (IDP) is mainly responsible for load distribution in 
the disc, by creating tension in the AF fibers near the interface with the NP30.  However, 
this load transfer mechanism is altered in case of the diseased disc.  The water content of 
the NP in the degenerated disc is significantly reduced with corresponding decrease in 
IDP14,30,120.  This results in the AF experiencing compressive stresses, even though it is 
primarily designed to sustain tensile stresses17,30,169.  An abnormal stress state of the AF 
in the degenerated disc over repeated loading, may provide the stimulus for the formation 
of cracks or fissures in the AF and thereby a path for the NP migration from the center of 
the AF toward periphery.  The contact of migrated NP material with the nerve root may 
cause debilitating back or leg pain14,30,120. 
  Non-fusion techniques such as total disc arthroplasty78,80,171 and nucleus 
replacement94,112 are the two main approaches emerging as a solution to this condition.  
The exploration of these concepts for low back pain solutions is mainly motivated by the 
limited success of the current treatments such as spinal fusion and discectomy.  Both of 
these current procedures relieve pain, but are unable to restore the spinal biomechanics to 
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a normal state14,19-21,23.  Moreover, these procedures may promote further degeneration of 
either the initially affected disc, in the case of discectomy21,23 or adjacent IVDs in the 
case of spinal fusion25,26.  The ultimate goal of the non-fusion solution for the treatment 
of low back pain would be to relieve the pain completely and to restore the motion and 
stress state to that of the normal physiological condition170.  Currently, total disc 
arthroplasty targets the later stages of disc degeneration (Galante grade IV)55.  Nucleus 
replacement with a synthetic material94,112,167 or with a tissue engineered structure110, 
targets earlier stages of disc degeneration (Galante grade I, II and III)55 where the annulus 
is not fully compromised with the same goal of eliminating pain while restoring the 
height of the disc as well as the normal biomechanics of the IVD.  This later approach 
may help to preserve the AF and be more amenable to minimally invasive surgical 
techniques. 
Our laboratory has been investigating the use of polymeric hydrogels for 
replacement of the nucleus pulposus.  Prior work has focused on the development of a 
chemically stable hydrogel polymer system173,177,178.  Hydrogels are polymeric three 
dimensional crosslinked structures that are able to absorb large amounts of water and 
swell to equilibrium141.  In our earlier studies, we assessed the effect of hydrogel nucleus 
replacement on the compressive stiffness of the lumbar intervertebral disc176,179.  In that 
work, we demonstrated the feasibility of replacing the NP with the hydrogel implant.  We 
have developed a novel trans-end plate approach for in vitro testing of the nucleus 
implant capability by avoiding any injury to the AF176.  This was achieved by creating a 
bone plug from the superior vertebra using a standard core drill. The hydrogel implant 
restored 88% of the compressive stiffness of the denucleated IVD when implanted in the 
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created nuclear defect179.  This restored stiffness was a result of synergistic effect 
between the hydrogel implant and the intact AF.  It is assumed that the Poisson’s effect 
for the hydrogel nucleus implant played a major role in the restoration of the compressive 
stiffness by tensioning the AF fibers under compressive stress, mimicking the normal 
IDP acting on the AF inner layers.  The interaction is both a function of the mechanical 
properties and the geometric fit of the nucleus pulposus implant. Therefore, it is 
postulated that a complete restoration of the denucleated IVD stiffness can be achieved 
by altering the nucleus implant parameters such as modulus, height and diameter.  The 
objective of the current study is to systematically assess the effect of variation in these 
nucleus implant parameters (material and geometric) on the compressive stiffness of the 
lumbar IVD.  It is hypothesized that by altering these nucleus implant parameters, the 
synergistic interaction effect (which is responsible for the stiffness restoration) between 
the implant and the intact AF can be modulated, thereby achieving the complete 
restoration of the compressive spinal biomechanics.      
Materials and Methods 
Nucleus Implant Preparation. A polymer blend containing 95-weight% poly (vinyl 
alcohol) (PVA) (molecular weight, 138,400 – 146,500 g/mol) and 5-weight% poly (vinyl 
pyrrolidone) (PVP) (molecular weight, 10,000 g/mol) was prepared.  10% polymer 
solutions (by weight) of PVA and PVP were prepared by dissolving a mixture of the two 
polymers in deionized water at 90ºC overnight.  The solution was then homogenized for 
30 minutes using sonication.  The solution was then cast into the custom made molds of 
three different diameters (D1= 15mm, D2= 16mm and D3= 17mm) to achieve variation in 
the hydrogel implant diameter.  The filled molds were gelled by six repeated cycles of 
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freezing for 21 hours at   –19ºC and thawing for 3 hours at 25ºC.  Variation in the implant 
height was based on the measured average height (H2) of an IVD of the test specimen and 
achieved by cutting the implants, as either undersize (H1=H2-1mm) or oversize (H3=H2+1 
mm).  Variation in the implant modulus (E1=50 kPa @ 15% strain, E2=150 kPa @ 15% 
strain) was achieved by varying the number of freeze-thaw cycles (2 cycles for lower 
modulus and 6 cycles for higher modulus) during the preparation142.  A third higher 
modulus implant (E3=1500 kPa @ 15% strain) was made from Silastic T2, a 
commercially available polymer mixture (Dow Corning, MI, USA).  Thus, implants with 
three different moduli, three different heights and three different diameters were used for 
assessment of change in the compressive stiffness of the lumbar IVD.     
Human Cadaver Mechanical Testing.  We performed mechanical tests on lumbar IVDs 
in pure axial compression in order to assess the effect of nucleus implant (material and 
geometric) parameters on the IVD mechanical behavior with the goal of restoring the 
IVD compressive stiffness.  Because the biomechanics of the intact disc is dependent on 
the interaction of the NP and AF, assessment of the hydrogel nucleus implant 
replacement on the disc mechanics can best be achieved if the AF is maintained intact.  
Keeping this in mind, we developed a novel approach to denucleate the specimen176.  
Denucleation was obtained by drilling through the superior vertebra to the IVD level and 
excising the NP.  Thus, we avoid injury to the AF, which remained intact throughout the 
experiment.   
Specimen Preparation:  Functional spinal units (FSU) were harvested from 4 cadavers 
(1 male and 3 female) with an average age of 63 years, within 72 hours of death.  Nine 
lumbar FSUs from L1-L5 levels were selected for testing based on visual inspection, 
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eliminating those with obvious damage or degeneration.  Intervertebral segments were 
prepared by removing muscle and posterior elements including facet joints and pedicles.  
Parallel cuts were made perpendicular to the longitudinal axis of the intervertebral 
segment through the vertebrae above and below the disc to ensure alignment of the axial 
compression load.  Thus, the specimen consisted of an intervertebral disc in between 
adjacent vertebrae.  (This bone-disc-bone segment will be referred to as the IVD or the 
intervertebral segment throughout this paper.)  The nine specimens were frozen at –18°C 
in sealed bags until the day of testing.  On the day of testing, specimens were thawed for 
at least 2 hours at room temperature in a sealed bag prior to compression testing.  
Anatomical measurements of the specimen (disc height, proximal and distal 
vertebrae height, disc major diameter and disc minor diameter) were performed using 
standard digital measuring instruments.  In order to minimize the measurement error, 
measurement at 3 different locations was averaged.  Based on the average IVD height 
(H2) of a specimen, nucleus implants for height variation were prepared accordingly to 
obtain height variation, as either undersize or oversize. 
Mechanical Testing Method:  The IVD specimens were constrained in a custom made 
test fixture with help of screws, which connected the distal vertebrae to the test fixture.  A 
commercially available potting mixture (Cargroom®, U.S. Chemical and Plastics, OH) 
was used for potting of specimens in the custom made fixture.  Only the inferior vertebra 
was potted, with care to ensure that the potted material was not touching the IVD.  The 
cut flat and parallel surfaces of the vertebrae ensured the axial loading.  The superior 
vertebra was compressed against the flat compression plate attached to the load cell.  This 
allowed adequate access for denucleation of the specimen and insertion of the hydrogel 
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implant, as the compression plate and superior vertebra were not attached physically.  In 
order to keep the specimen moist, a solution of protease inhibitor was sprayed on the 
specimen, throughout the test protocol.   
Compression Testing Protocol:  An Instron (Canton, MA) mechanical testing hydraulic 
machine (Model 1331) was used for the testing.  The initial baseline position of the upper 
compression plate (load cell) and lower actuator was ensured and maintained using 
digital position indicators through each tested condition.  The specimens were 
preconditioned for 50 cycles at 3% strain (based on the average IVD height).  The load 
range corresponding to this preconditioning was 40N – 140N.  Specimens were then 
axially compressed to 15% strain based on the measured average disc height.  The testing 
was performed with a triangular waveform at 0.5 Hz with a loading rate of 15% strain/sec 
for 5 loading cycles, for each tested condition.  The data of the fifth loading cycle was 
taken for further analysis from each tested condition. 
Implantation Sequence:  For each specimen, implant modulus was varied (E1/E2/E3) 
with a constant implant height (H2) and diameter (D2). Similarly, implant height was 
varied (H1/H2/H3) with a constant implant modulus (E2) and diameter (D2). Finally, 
implant diameter was varied (D1/D2/D3) with a constant implant modulus (E2) and height 
(H2).  Figure 6.1 shows a schematic of the implantation sequence used in the mechanical 
testing.  For each specimen, the order of the implants inserted was chosen randomly to 
minimize any effect of implant parameters on the test specimen.  Overall seven different 
nucleus implants (same implant was used for medium modulus E2, medium height H2 and 
medium diameter D2) were used to assess the effect of implant parameters for total of 
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nine (three moduli variation, three height variation and three diameter variation) different 
mechanical tests on a specimen.        
IVD Implantation and Test Protocol: A series of axial compressive tests were 
completed on each specimen, as shown in Figure 6.2.  First, the intact specimen was 
tested using the compression testing protocol (Intact Condition - IC).  Then, a 16 mm 
diameter Cloward core drill bit was used to drill perpendicular to the cut surface of 
superior vertebra through the bone to the IVD level.  A cylindrical bone plug (height 
equal to that of superior vertebra and diameter equal to 15.5mm) above the disc was 
removed.  For the second test condition, the cylindrical bone plug was reinserted and the 
test protocol was repeated (Bone plug Inserted condition – BI).  Then, the bone plug was 
removed from the upper vertebra and the nucleus was incised in line with the core drill.  
The central portion of the nucleus in line with the core drill (equal to 16mm diameter, wet 
weight 2.5-3.0 g) was removed using standard surgical instruments, keeping the residual 
NP and the AF intact.  The testing protocol was then run on the denucleated specimen 
without the bone plug (first DeNucleated condition, DN–1).  The nucleus implants were 
inserted in the nuclear defect, in a random fashion, as described previously.  For all the 
nine implanted conditions, the bone plug was again placed in its original position over the 
nucleus implant and testing protocol was repeated (Implanted conditions – 
E1,E2,E3,H1,H2,H3,D1,D2,D3).  Finally, the implanted hydrogel and bone plug were 
removed and the specimen was tested again (second DeNucleated condition, DN–2) to 
determine if there was any damage to the specimen during testing.  
Data Analysis:  The data for each tested condition in terms of force and displacement 
history was collected using a custom written Labview® program at a sampling rate of 
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1000 Hz.  Data for the fifth loading cycle was taken for analysis and instantaneous 
compressive stiffness values (N/mm) were calculated at representative strain levels of 
5%, 10% and 15%, for each condition, for each specimen.  The stiffness values were 
obtained by numerically differentiating the raw data, taking the slope of the line passing 
through points corresponding to the representative strain levels.  A two-way, repeated 
measures ANOVA was performed for compressive stiffness with two subject factors; 
implant parameter variable (modulus, height or diameter) and strain level (5%, 10% and 
15%).  Fisher’s LSD post-hoc analysis was conducted to assess the individual effects of 
modulus variation, effect of height variation, effect of diameter variation, restoration 
ability of the nucleus implant (BI vs. all nine implanted conditions) and crosscheck (DN-
1 and DN-2).  The acceptable rate for a type-I error was chosen as 5% for all tests. 
In our earlier studies, we explained the significance of the BI condition in relation 
to the intact condition176.  There was an observed decrease (approx. 20%) in the stiffness 
of the BI condition as compared to the intact condition.  The physical condition of the 
implanted intervertebral segment more closely matched to the BI condition (as compared 
to the intact condition).  In both cases, the BI and the implanted condition, the upper 
vertebra is drilled and then tested with the cylindrical bone plug in place.  Hence, the 
implanted specimen results are compared to the BI condition results rather than to those 
of intact condition.   
Results  
  Figure 6.3 shows the stiffness comparison of different testing conditions at 
representative strain levels of 5%, 10% and 15% for the effect of various implant 
parameters.  The two-way, repeated measures ANOVA for IVD compressive stiffness 
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with two subject factors; implant parameter variable (modulus, height or diameter) and 
strain level (5%, 10% and 15%) showed significant interaction between the two factors 
(p<0.05).  Significant differences in compressive stiffness were observed for variation in 
strain across all implant parameter variables (p<<0.001).  Moreover, significant 
differences in stiffness were observed for variation in implant height (p=0.003) and 
implant diameter (p=0.003) across strain levels.  However, no significant differences 
were seen for variation in implant modulus across strain levels (p=0.14). 
Using the Fisher’s LSD tests for comparison of the compressive stiffness of the 
denucleated conditions (DN-1 and DN-2) for all specimens at all strain levels (5%, 10%, 
15%), no significant differences were observed (p>0.60).  This suggests that the 
specimen returned to its original denucleated condition after implant removal without any 
damage.  Hence, Figure 6.3 compares only one denucleated condition as DN (DN ≅ DN-
1 ≅ DN-2).  
Denucleating the IVD (DN) significantly reduced the compressive stiffness in 
comparison to the BI condition at all strain levels (p<0.001).  The compressive stiffness 
of the IVD with the nucleus removed was 52% of the BI stiffness at 15% strain.  The 
compressive stiffness of all implanted intervertebral segments was significantly greater 
than that of the denucleated IVD (DN-1) at each strain level (p<0.001). Moreover, with 
the exception of the H1 and D1 conditions at 10% and 15% strain, all implanted 
conditions were not significantly different than the corresponding BI condition (p>0.05).  
At 10% and 15% strain,  the H1 and D1 condition IVD stiffness  was significantly less  
than that of the BI condition (p=0.01).  In Summary, for all implants (except the 
undersized H1 and D1 implants), the implanted IVD had a compressive stiffness that was 
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comparable to the BI condition and was significantly greater than the denucleated 
condition.  Hence, implantation of the IVD restored the IVD compressive stiffness after 
denucleation to that of BI condition.   
Fisher’s LSD tests showed significant differences (p≤0.03) between the implanted 
conditions of the modulus variation (E1 vs. E2, E1 vs. E3, E2 vs. E3), height variation (H1 
vs. H2, H1 vs. H3, H2 vs. H3), and diameter variation (D1 vs. D2, D1 vs. D3, D2 vs. D3) at 
all strain levels with three exceptions.  These exceptions were E2 vs. E3 at 15% strain 
(p=0.31), H2 vs. H3 at 15% strain (p=0.08) and D2 vs. D3 at 5% strain (p=0.09). Table 2 
shows the details of the statistical comparison of the different test conditions.  
Discussion 
This work examined the effect of nucleus implant parameters on the compressive 
behavior of the human lumbar IVD and utilized a novel nucleus implant insertion method 
previously developed in our lab to assess the implanted IVD mechanics176.  Earlier work 
has been performed on nucleus replacement with a synthetic material in cadaveric 
IVDs96,97,100,113 and in animals98,108.  To our knowledge, no human cadaver studies have 
reported the effect of nucleus implant parameters on the compressive behavior of the 
IVD.  However, Meakin et al. used sheep discs to assess the effect of nucleus implant 
modulus on bulging direction of the AF fibers, in pure compression108.  They showed that 
inward annular bulging can be prevented by inserting the nucleus implant with suitable 
material properties.  Using finite element modeling, they also demonstrated that the stress 
state in the annulus is dependent on the nucleus implant material properties.  The concept 
of nucleus replacement by a synthetic material was proven feasible in terms of restoration 
of IVD biomechanics, in all of the above studies.  The interaction between the NP 
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implant and the AF is central to the IVD mechanics; however, in all of these studies, the 
nucleotomy and implantation was facilitated by making an incision through the AF.  The 
incisional damage to the AF may compromise it and therefore, alters the interaction 
between the NP implant and the AF.  A trans-annular implantation may not be the ideal 
in vitro approach for assessing the effect of nucleus implant on IVD mechanics. Our 
trans-vertebral approach to in vitro nucleus implantation precluded AF damage, ideally 
enabling full interaction of the nucleus implant and intact AF. 
Our assumption that the restoration of IVD compressive stiffness by a nucleus 
implant was due to the Poisson effect of the implant tensioning the AF fibers was 
supported by the results of this experiment.  In our earlier experiments179, a line-to-line 
nucleus implant fit was observed to produce the almost complete (88% of the BI 
condition) restoration of the denucleated IVD stiffness.  Thus in that experiment, we 
showed that replacing the NP of the lumbar IVD by a hydrogel implant can significantly 
restore the compressive stiffness of the denucleated IVD .  The observed increase in the 
compressive stiffness of the implanted IVD was the result of a synergistic interaction 
between the hydrogel implant and the intact AF mimicking the normal intradiscal 
pressure acting on the AF inner layers.  We hypothesized that the interaction was a 
function of geometric fit and the mechanical properties of the nucleus pulposus implant. 
The results presented in Figure 6.3 support this hypothesis.   
Moreover, it was assumed that an under-sized implant would have less interaction 
with the AF while an over-sized implant will have better interaction with the AF.  The 
results presented in Fig 6.3 also support these hypotheses. Thus, nucleus implant 
parameters have a significant effect on the mechanical behavior of the IVD and complete 
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restoration of the IVD mechanical behavior can be achieved by creating more interaction 
by means of an oversize implant (between the AF and the implant).  As noted above, the 
IVD compressive stiffness increases and decreases with both height and diameter of the 
implant.  This can be visualized graphically in Figure 6.4, where the volumetric ratio 
(defined as the ratio of Implant Volume [Vi] to that of Drilled cavity Volume [Vc]) vs. the 
compressive stiffness (N/mm) at different strain levels is plotted.  The IVD stiffness was 
sensitive to the volumetric ratio of the size of the implants investigated.  An increase in 
total volume of the nucleus implant resulted in increased compressive stiffness.  At 15% 
strain level, increase in implant height produced 15 N/mm change in the compressive 
stiffness per % increase while increase in implant diameter produced 21 N/mm change in 
the compressive stiffness per % increase.  Figure 6.5 shows the schematic of the under-
diameter and over-diameter implant in compression.  For an under-diameter implant, 
there is a gap in between the implant and the AF, resulting in zero preload and “less” 
interaction between the implant and the AF as the disc is loaded.  With the initial 
compressive loading of the disc, the under-diameter implant would allow an inward 
radial deformation of the AF fibers initially, before interaction may take place.  But an 
over-diameter implant results in preload with increased interaction between the implant 
and the AF.  The resulting stiffness of the implanted specimen is therefore, a function of 
both preload and interaction, which are dependent on the Poisson’s ratio and the 
geometric parameters, height and diameter studied here. 
The effect of implant geometry can be compared to the effect of implant material 
modulus.  The implant modulus increase produced 0.04 N/mm change in the compressive 
stiffness per % increase, at 15% strain level.  Therefore, small changes in the height and 
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diameter of the nucleus implant produced changes in the IVD compressive stiffness, 
which were much greater than those resulting from implant modulus changes, which 
varied over two orders of magnitude.  This suggests that within the range of the nucleus 
implant parameters investigated, the resulting compressive stiffness of the implanted IVD 
had a greater dependency on implant geometry as compared to the implant modulus.           
This study indicated that the resulting IVD compressive stiffness after nucleus 
implantation is a complex phenomenon.  The resulting implanted IVD stiffness is a 
function of three major factors: the Poisson effect of polymeric implant, synergistic 
interaction between the nucleus implant and the AF (preload and constrained bulk 
modulus effect) and compressive strain levels.  Further understanding of these 
interactions in compression as well as under other loading conditions, may result in more 
effective nucleus implant design and performance.         
Conclusions                              
The significant effect of nucleus implant modulus and ‘fit and fill’ effect of the 
nuclear cavity was demonstrated in this study. It was observed that variations in 
geometric parameters of an implant are more effective in modifying the compressive 
stiffness of the implanted IVD than those of implant modulus over the ranges examined.  
It is possible to restore the normal compressive stiffness of the IVD with a nucleus 
implant replacement.  This may have clinical implications in restoration of disc 
biomechanics of the degenerated IVD.  Considering the complex loading on the spine30, 
future studies of the additional loading conditions will help us further elucidate the role of 
the nucleus implant in the restoration of intervertebral disc mechanics. 
 
 101
 
 
 
 
 
 
Effect of Implant DN-1Intact BI 
 Modulus (3 tests) 
 
Effect of Implant Effect of Implant 
Diameter (3 tests)  Height (3 tests) 
DN-2 
 
 
 
Figure 6.1. Schematic of testing protocol 
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Figure 6.2.  Schematic of implantation method of a lumbar IVD 
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       Figure 6.3. Effect of nucleus implant parameter variations on the compressive 
stiffness 
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Figure 6.5. Schematic of under-diameter and over-diameter nucleus implant interaction 
 
 
 
No Preload Less Interaction
Initial Preload More Interaction 
 106
 
 
 
 
Table 6.1. Statistical comparison of different testing conditions 
 
 
‘P’ value Test 
Condition 5% Strain 10% Strain 15% Strain 
E1 vs. E2 ≤ 0.02 ≤ 0.02 ≤ 0.02 
E1 vs. E3 ≤ 0.02 ≤ 0.02 ≤ 0.02 
E2 vs. E3 ≤ 0.02 ≤ 0.02 *0.31 
H1 vs. H2 ≤ 0.02 ≤ 0.02 ≤ 0.02 
H1 vs. H3 ≤ 0.01 ≤ 0.01 ≤ 0.01 
H2 vs. H3 < 0.05 < 0.05 *0.08 
D1 vs. D2 ≤ 0.01 ≤ 0.01 ≤ 0.01 
D1 vs. D3 ≤ 0.01 ≤ 0.01 ≤ 0.01 
D2 vs. D3 *0.09 ≤ 0.03 ≤ 0.03 
 
* Statistically insignificant 
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7. The Effect of Nucleus Replacement on the Stress Distribution of the Lumbar 
Intervertebral Disc: A Finite Element Study 
 
 
 
Introduction 
 The role of the lumbar intervertebral disc (IVD) in the lower back pain and related 
problems is well known.  The impact of this socioeconomic disease on the society is 
significant.  Although, the causes of lower back pain may vary from patient to patient, in 
more than 75% of the cases, the origin of the lower back pain is the degenerated lumbar 
intervertebral disc1.  Motion segments of the human lumbar spine undergo complex 
loading situations, while performing routine daily activities30.  The complex loading on 
the lumbar intervertebral disc (IVD) and its potential role in the lower back pain has been 
the basis of many experiments performed over the years for studying the lumbar spine 
mechanics.  These studies were successful in determining the behavior of the motion 
segment under different loading conditions (simple and combined) and relative 
importance of individual elements of the motion segment.  The experimental data 
available in the literature58,180,181 generally reports the load-displacement behavior, 
intradiscal pressure measurements, radial strains in the disc and anisotropic properties of 
the annulus fibrosus (AF). There are also reports of pressure distributions in the disc and 
end plate deformation46,72,182.  Considering the complex structure of the IVD and the 
diverse stresses to which it is subjected under physiological loading conditions, it is clear 
that experimental techniques alone are not sufficient to fully characterize the overall 
mechanical behavior of the motion segment. This was corroborated by the technical 
complexities which precluded the measurement of the stress state, deformation and disc 
bulge at different locations throughout the motion segment. This provided the motivation 
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for the development of numerical methods, such as finite element analysis, to expand the 
experimental data in order to characterize the IVD parameters, which may be difficult to 
measure experimentally. 
 Many researchers have simulated the intervertebral disc mechanics using the 
finite element method72,116-118,128,183.  One study108 performed the finite element analysis 
to assess the effect of nucleus replacement by a polymeric material on the compressive 
mechanics of the intervertebral disc.  They observed the annular bulging in case of the 
intact and denucleated discs.  The implant modulus was varied to observe the prevention 
of inward bulging of the inner annulus.  Based on the experimental results and finite 
element analysis, they concluded that implant should have a Young’s modulus of 3 MPa 
with total filling of the nuclear cavity.                        
 Two main approaches are emerging for complete restoration of the IVD 
mechanical behavior: total disc replacement14,171 and nucleus replacement110,167.  At 
present, total disc replacement targets the later stages of disc degeneration where the AF 
is damaged and is beyond repair (Galante Grade IV)55.  The nucleus replacement targets 
earlier stages of disc degeneration (Galante Grade I, II) where the annulus is still 
functional55 but the nucleus pulposus (NP) is dehydrated / degenerated.  The motivation 
behind exploration of these new solutions is mainly due to the limitation of current 
surgical treatments such as spinal fusion and discectomy19,20.  These surgical treatments 
successfully relieve back pain but fail to restore the normal biomechanics of the spine.  In 
many cases, patients suffer either from loss of motion (in case of spinal fusion) or an 
abnormal stress state produced within the disc (in case of discectomy)14.  
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 We propose the use of Poly (vinyl) alcohol (PVA) / Poly (Vinyl) Pyrrolidone 
(PVP) co-polymeric hydrogels for replacement of the nucleus pulposus.  Prior work in 
our laboratory has focused on the development of a chemically stable hydrogel polymer 
system as a substitute for the degenerated nucleus pulposus (NP) of the IVD173,178.  In our 
earlier experiments, we demonstrated that a PVA/PVP hydrogel nucleus implant can 
restore the compressive biomechanics of the denucleated lumbar functional spinal unit 
(FSU) to a significant level (88%) of the comparable experimental condition179.  The 
hydrogel nucleus implant used, had a perfect line-to-line fit of the created nuclear defect 
with a modulus of 120 KPa (at 15% strain).  Although, the concept of nucleus 
replacement by a polymeric hydrogel was demonstrated to be feasible, there are some 
concerns regarding the fact that restoration of the denucleated FSU was not complete.  
Specifically, we do not know what the ideal material properties (modulus) of the 
hydrogel nucleus implant should be to substitute for the degenerated nucleus pulposus. 
 The objective of the present study was three-fold.  First, to simulate two different 
experimental conditions of intact and denucleated FSU using the finite element method 
and validate these models against corresponding experimental results for individual test 
specimens (n=6).  Second, to determine the ideal hydrogel nucleus implant modulus 
having line-to-line fit, for individual test specimens, based on the predicted load-
displacement behavior.  Third, develop an average finite element model (AVFEM) based 
on the average dimensions and average material parameters of individual test specimens 
to predict a feasible range for hydrogel nucleus implant material moduli for nucleus 
replacement, using criteria of predicted load-displacement behavior, intradiscal stress, 
strains and radial displacement in the outer annulus.   
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Method 
Material Properties.  The properties of the cortical/cancellous bone of the vertebral 
body are well established and were taken from the literature128.  This approach was not 
followed for the nucleus and annulus material properties, due to the variability of the 
opinions about the structure and material properties reported in the literature10,72,108,183. 
The nuclei of all six human cadaver lumbar specimens displayed some degree of 
age-appropriate degeneration, were very much dehydrated and looked more solid-like 
than fluid179.  For this reason, the nucleus pulposus of all the specimens was modeled as 
an isotropic, elastic material with Young’s modulus of 1 MPa and Poisson’s ratio 
(0.4999) in contrast with the previously reported method of modeling the nucleus as an 
incompressible fluid72.   
 Considering the intact condition of the annulus throughout the actual experiment 
and the lack of agreement about the AF material properties, a novel approach was 
proposed to model the annulus.  The AF was modeled as an isotropic, hyperelastic 
material using a second order polynomial strain energy function.  This facilitated the 
general definition of the annulus with mathematical coefficients, which can be back 
calculated to determine the AF material properties.  The coefficients of the AF second 
order polynomial function were determined by adjusting and matching the finite element 
model (FEM) predicted Load-Displacement curve with that of intact experimental Load-
Displacement curve, while keeping the material properties of NP and Vertebrae constant.  
Thus, every specimen that was modeled had unique AF parameters.  The same AF 
parameters for each specimen were used in the corresponding denucleated and implanted 
FEMs for simulation and validation of the experimental data (Table 3).  
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The polymeric hydrogel implant was simulated in the partially denucleated FEMs.  
Hydrogel implant was modeled with a first order Mooney-Rivlin strain energy potential 
function. Considering the almost incompressible nature of the hydrogel, a very high 
Poisson’s Ratio (0.4999) was assumed for modeling of the hydrogel nucleus implant.  
The Mooney-Rivlin coefficients for the polymeric hydrogel were then calculated for 
various hydrogel implant moduli.  These Mooney-Rivlin coefficients were used for 
simulation of hydrogel implants in the implanted specimens.  In this way, the effect of 
hydrogel implant modulus on the resulting stress state of the implanted condition could 
be analyzed. 
Finite Element Model.  Based on the actual dimensions of the test specimens, six 
individual FEMs were constructed.  The specimens were free of any significant bone or 
disc abnormalities.  The specific details of each specimen are given in Table 1. The 
material property definitions used in the model for cortical bone, cancellous bone and 
nucleus pulposus are given in Table 2.  Simplified geometry was used for FEMs 
assuming the symmetry about the sagittal plane.  Contribution of end plates was 
neglected in this analysis.  Also, the height of the intervertebral disc was assumed to be 
uniform over the entire cross-sectional area.  Mesh refinement studies were performed in 
order to have optimum results. The FEM used 2327 nodes and 1728 four-node 
axisymmetric elements, as shown in Figure 7.1.   
Loading and Boundary Conditions.  The loading simulated the test condition in which 
the bottom vertebra was constrained in the test fixture using a potting material. A fixed 
displacement of 15% strain (based on the IVD height) was applied to top vertebra and 
symmetric boundary conditions were used to perform the nonlinear analysis using 
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commercially available finite element software ABAQUS, version 6.3 (ABAQUS Inc., 
Pawtucket, RI).   
Simulation of Experimental Conditions.  In the actual experiment, three different 
conditions Intact, partially Denucleated (DN) and Implanted were tested in axial 
compression179.  Our unique approach to denucleating the specimen avoided any damage 
to the annulus fibrosus (AF) and maintained it intact throughout the testing176.  There was 
some residual NP left in the specimen after denucleation, about 20% by volume. These 
different conditions were simulated for each specimen and validated against the 
corresponding experimental results for compressive stiffness.  As a crosscheck, the 
individual denucleated FEMs (using the corresponding AF parameters of intact 
specimen) were also compared against the experimental denucleated condition of 
individual specimen.    
AVFEM Concept.  Every test specimen was different in the sense that it had variations 
with respect to age, sex, (de) hydration level of nucleus and annulus structure.  In order to 
have better idea of mechanical behavior of a “typical” lumbar disc, an average FEM 
(AVFEM) was built based on the average dimensions of the six specimens.  The material 
properties used in this AVFEM were the average of the material parameters used for six 
individual FEMs.  This AVFEM was analyzed with same loading and boundary 
conditions as those for individual FEMs. The AF parameters used for this AVFEM were 
taken as average of the corresponding six AF parameters determined for individual FEMs 
(Table 3).   
As before, this AVFEM was converted into the denucleated AVFEM, to simulate 
the experimental denucleated condition.  Then, the hydrogel implant was modeled in the 
 113
denucleated AVFEM to simulate the implanted condition. The required modulus of the 
hydrogel implant for complete restoration of intact AVFEM load level, having line-to-
line fit, was determined based on the resultant load-displacement behavior.   
  Using this validated implanted AVFEM, a comparison of compressive load 
level, intradiscal stress distribution, radial displacement of peripheral nucleus and annulus 
layers, compressive stresses on NP and AF, interfacial stresses between the peripheral 
nucleus and inner annulus, and radial strains in the NP and AF was made (Table 5).       
Effect of nucleus implant properties.  Using the AVFEM, the Young’s modulus of the 
nucleus implant was varied to assess the effect of implant modulus variation on the 
compressive mechanical behavior of the intervertebral disc.  Using the parameters in 
Table 5, the hydrogel implant moduli, for which all of these parameters were within ± 3% 
of an intact AVFEM results, were identified as a feasible range for replacement of the 
degenerated nucleus pulposus in order to achieve the complete restoration of the 
intervertebral disc mechanics. 
In summary, six individual FEMs were created for the intact condition and 
validated against the corresponding experimental results.  The validation criterion was the 
exact matching of the FEM predicted Load – Displacement curve with the experimentally 
obtained nonlinear Load-Displacement curve.  These six FEMs produced six AF 
parameter coefficients for individual specimens.  All six FEMs were also validated 
against the corresponding experimental denucleated condition.  The hydrogel nucleus 
implanted condition was then simulated by using the AF parameters determined earlier 
and ideal hydrogel implant modulus for each specimen was predicted.  An AVFEM was 
constructed based on the average material and geometric parameters of six individual 
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FEMs and then, feasible hydrogel implant moduli range was predicted as a replacement 
of the degenerated nucleus pulposus.     
Results 
Figure 7.3 shows a comparison of finite element prediction vs. the experimental 
results, for both intact and denucleated conditions, for a representative specimen, in terms 
of load-displacement behavior.  The individual FEMs prediction matched well with the 
experimental data for both conditions of intact and denucleated specimens, for all six 
specimens.   
Figure 7.4 shows the AVFEM load-displacement prediction compared to the 
experimental data for six specimens, for intact condition.  The predicted Load-
Displacement curve falls within the range of the experimental data.  Figure 7.5 shows the 
denucleated AVFEM prediction for load-displacement behavior compared to the 
experimental data for six specimens, for denucleated condition.  Here also, the predicted 
Load-Displacement curve falls within the range of the denucleated experimental data.  
Figure 7.6 shows the Intact, DN and Implanted AVFEMs contour comparison for radial 
displacement.  Figure 7.7 shows the Von Mises stress distribution for these three 
conditions.  It is clearly seen that the intact and denucleated conditions are distinctly 
different while the implanted condition is more comparable to the intact condition rather 
than the denucleated condition.   
Table 4 shows the details of the FEM prediction for individual ideal hydrogel 
nucleus implant moduli for these specimens. Table 5 shows the detailed comparison of 
some important parameters for three different conditions of intact, denucleated and 
implanted specimens for various implant moduli.  All these values for implanted AVFEM 
 115
were within ± 3% of corresponding intact AVFEM prediction. Based on these criteria, 
implanted AVFEM predicted a feasible range of hydrogel nucleus implant moduli (120 
KPa – 3 MPa) having line-to-line fit of the created nuclear defect, for replacement of the 
NP and thereby complete restoration of the spinal compressive biomechanics in terms of 
Load-Displacement behavior.   
Discussion 
 In this work, a simplified axisymmetric finite element model of the lumbar 
intervertebral disc in compression was developed and validated against the experimental 
results of two different test conditions of intact and denucleated.  The third test condition 
of implanted specimen was simulated by modeling the hydrogel nucleus implant in the 
created nuclear defect, in line with the experimental approach.   
 Extensive work has been performed in numerical modeling of the (lumbar) 
intervertebral disc mechanical behavior and simulation of various physiological 
conditions in order to better understand the role of the disc tissues under different loading 
conditions.  First use of the finite element method for modeling of the spinal 
biomechanics was reported in the 1970s116.  Since then, there has been a lot of progress in 
the modeling approach and understanding of intervertebral disc mechanics.  Mostly, these 
models were validated against the experimental observations of Load-Displacement 
behavior, disc bulge, end-plate bulge and intradiscal pressure distribution72.  Other 
parameters such as vertebral body/end plate stresses and annulus stress distribution have 
also been reported.  The effect of annular incision was observed, showing the effect on 
the disc stability, radial bulge and disc height130.  One study reported the effect of the 
intervertebral disc height variation on the overall mechanical behavior of the motion 
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segment, showing significant influence on the resulting axial displacement, disc bulge 
and tensile stresses in peripheral annulus fibers129.  Some researchers also looked into the 
viscoelastic disc mechanics using the poroelastic definition of disc components and 
permeability coefficients134,135.  Few numerical models have examined the nucleus 
implant mechanics of the intervertebral disc.  Meakin et al.108 modeled the disc as a 
cylinder, assigning elastic solid properties to the annulus.  This definition of the annulus 
may have resulted in over-prediction of the required nucleus implant material properties.  
From the present study, we now understand that, it is the annulus which mainly 
determines the overall mechanical behavior of the lumbar disc mechanics. 
         However, to our knowledge no other studies have been reported on the human 
lumbar functional spinal units, to understand the nucleus implant biomechanics and the 
effect of nucleus implant material properties on the compressive spinal biomechanics. 
This study also proposed a new concept of modeling the annulus using a second 
order polynomial strain energy function with material property as isotropic and 
hyperelastic.  This approach allowed us to exactly mimic the experimental compressive 
behavior in terms of the Load-Displacement behavior, without dealing with the 
controversial details of the complex annulus structure/composition definition.  This 
modeling approach is also supported by the fact that the physiological condition of each 
annulus is different.  This precludes the use of universal composite structure definition 
for annulus as used earlier by peers, in view of our experimental denucleation approach 
(intact AF) and present study objectives at best for the compressive loading.  However, 
additional loading conditions may suggest the need for full anisotropic approach for 
modeling of the annulus.  This definition of the annulus as an isotropic and hyperelastic 
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material is in agreement with the work of Duncan et al.184 where they proposed the 
porohyperelastic approach for annulus definition.  This hyperelastic definition of the 
annulus mainly determined the non-linearity of the predicted Load-Displacement 
behavior of the FEM and allowed to exactly mimic the experimental nonlinear 
compressive behavior. 
 Figure 7.2 shows the deformed mesh for intact and denucleated FEM.  In the 
intact disc, the nucleus radially displaced the annulus fibers, generating a positive disc 
bulge.  In case of the denucleated disc, the annulus showed radial movements in both 
outward and inward directions, as seen from Figure 7.2.  As a result, (for the same 
compressive strain) the load carrying capacity of the disc reduced significantly compared 
to the intact condition.  The intradiscal stress acting on the interface of nucleus and 
annulus also reduced significantly (30% of the intact condition).  The part of the annulus 
was observed to be in compression in the denucleated state, as compared to the intact 
condition.  Thus, the denucleated condition stress state is dramatically different from the 
corresponding intact condition stress state. 
 Figure 7.3 shows the comparison (and thus validation) of FEM prediction of 
Load-Displacement behavior for both intact and denucleated conditions, against the 
corresponding experimental results, for a representative specimen.  The FEM model well 
captured the compressive behavior of the specimen, for both intact and denucleated 
conditions, reproducing the non-linear load-displacement behavior as well as the 
magnitude of that behavior.  This prediction and matching of Load-Displacement 
behavior was similar for rest of the six specimens.  The precise matching of FEM results 
with the experimental results justifies our modeling approach. 
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 Figure 7.4 shows the AVFEM Load-Displacement prediction of the intact 
specimen and Figure 7.5 shows the AVFEM Load-Displacement prediction of the 
denucleated specimen against the experimental data of six specimens, from which the 
AVFEM was constructed.  The AVFEM prediction clearly falls within the experimental 
data and thus, represents an average behavior of the intact lumbar IVD in compression.   
 Figure 7.6 shows the contours of radial displacement for Intact, Denucleated and 
Implanted AVFEM.  The inward radial deformation of the inner annulus is clearly visible 
in case of the denucleated specimen.  A hydrogel nucleus implant with a suitable 
modulus can block this inward radial movement and can actually mimic the intact 
specimen condition in terms of load level, radial displacement and stress state.  The 
implanted condition in Figure 7.6 has a nucleus implant with modulus of 150 kPa.  The 
radial displacement produced by this nucleus implant is more comparable to the intact 
condition than to the denucleated one.  Similarly, Figure 7.7 shows the comparison of 
Von Mises stress distribution for the conditions of Intact, Denucleated and Implanted, 
respectively.  Again, the implanted condition is more comparable to the intact condition 
than to the denucleated one.  The nucleus implant creates intradiscal stress on the inner 
annulus layers which is equivalent to the natural intradiscal pressure generated by the 
hydrated nucleus on the inner annulus, as predicted by the model.  This results in positive 
radial deformation of the annulus, mimicking the result of natural load transfer 
mechanism observed in lumbar IVD.  The radial strains at the disc center, after hydrogel 
nucleus implantation mimic the strains observed in case of intact disc and completely 
reverse the inward radial strains observed in case of the denucleated disc (Figure 7.8).  
The stiffness of the system also increases nonlinearly in case of the hydrogel implanted 
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specimen and is more comparable to the intact specimen stiffness, as showed in our 
earlier experimental studies179.   
 Table 5 compares some important parameters for the Intact, Denucleated and 
Implanted AVEM prediction.  For the implanted AVFEM, the modulus of the hydrogel 
nucleus implant was varied in order to determine the feasible range of the implant 
moduli.  It also compares the radial displacement, compressive stresses, intradiscal 
pressure stress in the NP and the AF, for conditions of the Intact, Denucleated and 
hydrogel Implanted with different hydrogel moduli.  Interestingly, the inward radial 
deformation of the inner annulus layers in case of the denucleated disc is totally reversed 
for the case of the hydrogel implanted disc.  Similarly, the annulus is under compression 
in case of the denucleated disc, supporting the hypothesis that annulus is subjected to 
abnormal compressive stresses in case of degenerated / dehydrated disc.  The implanted 
range reported here (120 kPa – 3 MPa) has ability to mimic the natural intact condition in 
terms of the load level, stress distribution and radial displacement in the annulus (Table 
5).  Moreover, the nucleus implant moduli in this range do not create excess interfacial 
stresses (on inner annulus) and do not exert abnormal stresses or strains on the vertebral 
bodies.  Thus, it is safe to conclude that the (hydrogel) nucleus implant with modulus in 
the range of 120 kPa to 3 MPa and having a line-to-line fit will completely restore normal 
compressive biomechanics of the denucleated lumbar intervertebral disc to that of healthy 
intact intervertebral disc mechanical behavior.  
Conclusion 
 Simple axisymmetric finite element models of six lumbar FSUs were created for 
the intact and denucleated conditions.  The models were validated against corresponding 
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experimental results.  The hydrogel nucleus implants with line-to-line fit were simulated 
in the denucleated models and ideal hydrogel nucleus implant modulus for each specimen 
was determined based on the restoration of corresponding experimental intact load level.  
It is possible to restore the normal compressive biomechanics of the lumbar IVD with a 
polymeric hydrogel implant with suitable modulus, having line-to-line fit.  An average 
FEM was built based on the average material and geometric parameters of six specimens 
and was then used as a design tool to predict a feasible range of hydrogel nucleus implant 
moduli as replacement to the degenerated nucleus pulposus.  The AVFEM predicts 120 
kPa - 3 MPa as a moduli range suitable for replacement of the nucleus by a polymeric 
hydrogel implant.  
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Figure 7.1. Finite element mesh of intact lumbar functional spinal unit in deformed state 
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Figure 7.2. Finite element mesh of denucleated lumbar functional spinal unit in deformed 
state 
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Figure 7.3. Load-Displacement behavior of a representative specimen, against 
corresponding experimental results for intact and denucleated condition 
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Figure 7.4. Intact AVFEM load-displacement prediction against the experimental data 
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Figure 7.5. Denucleated AVFEM Load-Displacement prediction against the Denucleated 
experimental data 
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Figure 7.6. Radial displacement for Intact, Denucleated and Implanted condition 
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Figure 7.7. Von Mises stress distribution comparison for Intact, Denucleated and 
Implanted condition  
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Figure 7.8. Radial Strain distribution for intact, denucleated and implanted disc 
 
 
 
 
 
 
 
 
 129
 
 
 
 
 
 
 
Table 7.1. Geometric details of six test specimens used  
 Total 
 Height 
Disc  
Height 
Upper  
V
Lower  
V
Major  
D  
 
ertebra ertebra iameter
Specimen 1 40.0 10.0 15.0 15.0 48.0 
Specimen 2 38.0 9.5 10.5 17.5 38.0 
Specimen 3 31.0 9.0 8.0 14.0 35.0 
Specimen 4 33.0 11.0 7.0 15.0 42.0 
Specimen 5 39.0 11.0 13.0 15.0 45.0 
Specimen 6 37.5 12.0 11.0 14.5 47.0 
AVFEM 36.4 10.4 10.8 15.2 42.5 
All sion n mm dimen s are i
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Table 7.2. Material properties used for the finite element model 
 
 Young’ Modulus (MPa) Poisson’s Ratio 
 
Cortical Bone 12000 0.3 
Cancellous Bone 100 0.2 
Nucleus Pulposus 1 0.4999 
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Table 7.3. Annulus material parameters derived for six specimens and for AVFEM 
 
 C10 C01 C20 C11 C02 D1 D2
 
 
Specimen 1 3E04 8E04 3E04 3E04 5E04 1E-07 1E-07 
Specimen 2 1E05 1E05 1E05 1E05 4E05 1E-07 1E-07 
Specimen 3 4E04 4E04 4E05 4E05 4E05 1E-07 1E-07 
Specimen 4 7E04 7E04 1E05 1E05 3E05 1E-07 1E-07 
Specimen 5 8E04 8E04 2E05 2E05 3E05 1E-07 1E-07 
Specimen 6 5E04 6E04 2E05 3E05 3E05 1E-07 1E-07 
AVFEM 6E04 7E04 2E05 2E05 3E05 1E-07 1E-07 
All va e i   lues ar n N/m2
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Table 7.4. FEM prediction of ideal hydrogel nucleus implant modulus for six specimens 
compared to AVFEM prediction 
FEM Intact Load  
P
Ideal Implant  
 
 
 
rediction (N) Modulus (kPa) 
Specimen 1 1442 150 
Specimen 2 1397 120 
Specimen 3 1559 270 
Specimen 4 1407 150 
Specimen 5 1953 200 
Specimen 6 2058 210 
AVERAGE 1636 183 
AVF ionEM Predict 1666 210 
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Table 7.5. Comparison of AVFEM prediction for Intact, Denucleated and Implanted 
conditions  
Implanted (Moduli in kPa) 
 
AVFEM Intact Denucleated 
E= 0  E=1080  E=2040  E=3000  12
Load (N) 1666 759 1620 1721 1667 1695 
NP- ) -1 -S22 (Pa .46E06 -1.18E09 1.42E06 -1.36E06 -1.45E06 -1.53E06 
IDPS (Pa) 1.18E06 1.48E05 1.12E06 1.17E06 1.16E06 1.14E06 
AF-S22 (Pa) 5.39E04 -8.37E04 5.36E04 5.38E04 5.24E04 5.11E04 
U1-L (mm) 1.10 -0.52 1.11 1.10 1.08 1.06 
U1-R (mm) 1.88 1.29 1.88 1.88 1.87 1.87 
Stiffness 
(N/mm) 
1068 486 1038 1068 1087 1103 
 
 
NP-S22 Î Compressive stress acting on Nucleus Pulposus 
IDPS Î Intradiscal pressure stress in the intervertebral disc 
rs 
ers 
AF-S22 Î Compressive stress acting on Annulus Fibrosus 
U1-L Î Radial displacement of inner Annulus Fibrosus laye
U1-R Î Radial displacement of outer Annulus Fibrosus lay
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8. The Effect of Nucleus Implant Parameters on the Compressive Mechanics of the 
Lumbar Intervertebral Disc: A Finite Element Study 
 
 
troduction 
s replacement by a polymeric material167,178 or by tissue engineering 
approac
compri
mechanics.         
 
In
Nucleu
h110 is currently being investigated to treat chronic lower back pain.  The 
motivation behind this approach is mainly the limited success of the current surgical 
procedures such as discectomy and spinal fusion19,20.  Although these procedures relieve 
back pain, they fail to restore the normal biomechanics of the lumbar spine.  A need to 
find a better solution for treatment of lower back pain is propelled by the disadvantages 
associated with the discectomy and spinal fusion; discectomy may result in additional 
stress within the disc20, while spinal fusion may generate additional stress in adjacent 
discs, after surgery25.  In the case of fusion, the patient may lose mobility permanently14.     
The intervertebral disc is the largest avascular tissue in human body and mainly 
ses of three different tissues30.  The central core, the nucleus pulposus (NP), is 
surrounded by outer annulus fibrosus (AF) and the cartilaginous end plates (EP).  The 
degeneration of the lumbar intervertebral disc (IVD) is mainly responsible for lower back 
pain in more than 75% of the cases reported1.  With aging, the water content in the 
central NP reduces significantly, causing abnormal additional stresses in the outer AF.  In 
case of the dehydrated disc, the NP no longer performs its normal function of load 
transfer to the annulus by creating an intradiscal pressure.  The disc mechanics in the case 
of the degenerated disc are clearly altered as compared to the intact disc load transfer 
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We propose the replacement of the degenerated NP using a polymeric hydrogel.  
Prior studies in our laboratory have focused on the development of a stable polymeric 
hydrogel to serve as a replacement to the degenerated nucleus pulposus173,178.  In our 
previous experimental studies, the effect of hydrogel nucleus replacement on the 
compressive stiffness of the lumbar intervertebral disc was assessed.  In that work, the 
feasibility of replacing the NP with the hydrogel implant was demonstrated.  A novel 
trans-end plate approach for in vitro testing of the nucleus implant ability was developed, 
to avoid injury to the AF176.  This was achieved by creating a bone plug from the superior 
vertebra using a standard core drill. The cylindrical hydrogel implant restored 88% of the 
compressive stiffness of the intact IVD when implanted in the created nuclear defect179.  
In another experimental study, we assessed the effect of nucleus implant (material and 
geometric) parameter variations on the alteration of compressive stiffness of the lumbar 
IVD and thus the compressive biomechanics of the IVD185.  It was found that nucleus 
implant parameters do have significant effect on the disc compressive mechanics.  The 
cylindrical implant geometrical variations (height and diameter) were found to be more 
effective in restoring the disc compressive mechanics compared to the implant material 
(modulus) variations, in the range examined.  Interestingly, a corollary of this result was 
that implant diameter was more effective in restoring the compressive stiffness than the 
implant height.  Thus, a small increase in implant diameter (6% press fit) achieved the 
stiffness level that was produced with 10% press fit of the implant height and 900% 
increase in the implant modulus185.  However, little could be determined from the 
experimental results regarding the stress state at various locations and effect of 
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undersized/oversized implants (fit-fill effect of the nuclear cavity) on the overall 
mechanical behavior of the IVD.   
The objective of this study was to confirm the hypothesis that the nucleus implant 
parame
inite element model was constructed and validated to experimental data for the 
uman 
.  The properties of the cortical/cancellous bone of the vertebral 
degene
stic material using a 
second
ters would have significant effect on the mechanical behavior of the lumbar 
intervertebral disc and the resulting mechanics of the implanted disc would be mainly 
determined by fit of the implant in the created nuclear cavity.   
Methods 
 A f
h lumbar intervertebral disc and have been previously discussed186.  Here, we will 
briefly describe the modeling approach and detail the extensions of the original model 
made in this work.   
Material Properties
body are well established and were taken from the literature128.  This approach was not 
followed for the nucleus and annulus material properties, due to the variability of the 
opinions about the structure and material properties reported in the literature10,72,108,183.  
Table 8.1 shows the material properties used in the model.  
The nucleus of the test specimen displayed some degree of age-appropriate 
ration, was very much dehydrated179 and looked more solid-like than the fluidic.  
For this reason, the nucleus pulposus was modeled as an isotropic, elastic material with 
Young’s modulus of 1 MPa and very high Poisson’s ratio (0.4999). 
The annulus fibrosus was modeled as an isotropic, hyperela
 order polynomial strain energy function186.  This facilitated the general definition 
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of the annulus with mathematical coefficients, which can be back calculated to determine 
the AF material properties.   
  The polymeric implant was simulated in the partially denucleated FEM.  The 
polymeric nucleus implant was modeled with a first order Mooney-Rivlin strain energy 
potential function.  The Mooney-Rivlin coefficients for the polymeric implant were then 
calculated for various nucleus implant moduli.  These Mooney-Rivlin coefficients were 
used for simulation of nucleus implants in the implanted specimen.  In this way, the 
effect of nucleus implant modulus on the compressive mechanics of the lumbar 
intervertebral disc was analyzed. 
Finite Element Model.  The finite element model used in this study is based on the L2-
L3 specimen of a 49-year old male.  The model was previously validated against the 
experimental results of the same specimen, details of which can be found elsewhere186.  
This model refers to the ‘Specimen 2’ in the earlier study.   Simplified geometry was 
used for FEM assuming the symmetry about the sagittal plane.  Contribution of end 
plates was neglected in this analysis.  Also, the height of the intervertebral disc was 
assumed to be uniform over the entire cross-sectional area.  Mesh refinement studies 
were performed in order to have optimum results. The FEM used 11,763 nodes and 7274 
four-node axisymmetric elements.   
Loading and Boundary Conditions.  The loading simulated the test condition in which 
the bottom vertebra was constrained in the test fixture using a potting material. A fixed 
displacement of 15% strain (based on the IVD height) was applied to top vertebra and 
symmetric boundary conditions were used to perform the nonlinear analysis using 
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commercially available finite element software ABAQUS, version 6.3 (ABAQUS Inc., 
Pawtucket, RI). 
Simulation of Experimental Conditions.  In the cadaver experiment, three different 
conditions, Intact, partially Denucleated (DN) and Implanted were tested in axial 
compression179.  These different conditions were simulated and validated against the 
corresponding experimental results for compressive stiffness186.   
Variation of Nucleus Implant Material (Modulus) Properties.  The modulus of the 
nucleus implant was varied from 0.01 MPa to 100 MPa in the implanted condition (with 
constant Poisson ratio of 0.4999) to assess the effect on the compressive mechanics of the 
lumbar intervertebral disc.  The nucleus implant was simulated with ‘line-to-line fit’ of 
the nuclear cavity.   
Variation of Nucleus Implant Poisson Ratio.  The effect of Poisson ratio of the nucleus 
implant on the mechanical behavior of the implanted disc was studied by varying the 
Poisson ratio of the nucleus implant, with the Young’s modulus of 150 kPa and ‘line-to-
line’ fit of the nuclear cavity. 
Variation of Nucleus Implant Geometrical Parameters.   The under-fill of the nuclear 
cavity was simulated by defining the nucleus implant with 3%, 5% and 10% under-fill, 
either with the height or with the diameter, keeping all other parameters constant.  For 
example, for an implant with 5% underheight condition, the modulus (E=150 kPa), the 
Poisson ratio (υ=0.4999) and the diameter (D=16mm) were kept unchanged as in the case 
of ‘line-to-line fit’ and for an implant with 5% underdiameter condition, the modulus 
(E=150 kPa), the Poisson ratio (υ=0.4999) and the height (H=10mm) were kept 
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unchanged.   Similarly, an over-fill of the nuclear cavity was simulated by defining the 
nucleus implant with 3%, 5% and 10% over-fill, either for the height or for the diameter.   
A contact definition was used in the analyses where the nucleus implant was 
defined as a slave (surface) and the surrounding disc material was defined as a master 
(surface).  This definition prohibited the penetration of the nucleus implant (slave nodes) 
into the disc material (master nodes), as described in the ABAQUS manual, version 6.3 
(ABAQUS Inc., Pawtucket, RI).  The under-fill cavity analysis was performed in single 
step.  However, for simulation of over-fill condition, a two-step analysis was performed.  
During the first step of an analysis, the press fitted implant ‘readjusts’ itself within 
bounds of the nuclear cavity and puts some stress on the inner annular layers.  In that 
‘readjusting’ process, the implant slightly pushes the annulus radially outwards, putting 
some preload on the disc.  In second step, normal compression occurs, starting with the 
preloaded condition. 
Results 
 Figure 8.1 shows the effect of implant modulus on the predicted load-
displacement behavior of the intervertebral disc.  The finite element model predicted less 
significant change in the restored load level (1268 N – 2451 N), even when the implant 
modulus was varied over five orders of magnitude (0.01 MPa – 100 MPa).  The effect of 
Poisson ratio variation of the nucleus implant on the predicted load-displacement 
behavior of the intervertebral disc was assessed (Figure 8.2).  The significance of the 
implant Poisson ratio in the load transfer to the annulus and its overall role in the 
resulting compressive mechanics of the implanted disc is clearly visible.  Especially, two 
distinct groups are observed in the resulting load-displacement behavior of the implanted 
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specimen; one with implant Poisson’s ratio equal to 0.45 or greater and the other with 
implant Poisson’s ratio less than 0.45.  
 Figure 8.3 shows the method used for modeling of the overfilled implant in a 
nuclear cavity.  Simulation of the 10% overdiameter implant is shown here.  This 
technique allowed us to mimic the experimental condition of the overfilled implant, for 
both height and diameter. 
 The effect of underfilling and overfilling of the nuclear cavity with the implant 
height variation is demonstrated (Figure 8.4).  The finite element model predictions of the 
Load-Displacement behavior for the conditions of 3%, 5% and 10% underheight (UH) 
and overheight (OH) implant are compared against the intact experimental result (which 
is equivalent to the line-to-line fit implanted condition).  Similarly, Figure 8.5 shows the 
effect of underfilling and overfilling of the nuclear cavity with the implant diameter 
variation. 
 Von Mises stress distribution for different implanted conditions is compared in 
Figure 8.6 (10% UH and 10% OH) and Figure 8.7 (10% UD and 10% OD) with the stress 
distribution for the line-to-line fit implant.  Figure 8.8 and Figure 8.9 compare the radial 
displacement contours for different implanted conditions with the line-to-line fit contour.  
It was observed that with the underfilled implant (either height or diameter), the annulus 
showed less radial displacement compared to the line-to-line fit implant.  As a result, the 
restoration load level was less for the underfilled condition. 
Discussion 
 This work presented a simplified finite element model for understanding of the 
nucleus implant compressive mechanics of the lumbar intervertebral disc.  The model 
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was validated earlier with the corresponding experimental results186 and expanded here to 
accommodate the nucleus implant parameter variations.  The effect on the stress 
distribution and radial strains within the intervertebral disc with respect to implant 
volume and implant material properties was assessed. 
 The first use of finite element method for simulating the intervertebral disc 
mechanics was in early 1970s116.  Since then, there has been a lot of progress in the 
modeling approach and understanding of intervertebral disc mechanics.  Mostly, these 
models were validated against the experimental observations of load-displacement 
behavior, disc bulge, end-plate bulge and intradiscal pressure distribution72.   The effect 
of an annular incision was observed, showing the effect on the disc stability, radial bulge 
and disc height130.  Some researchers also looked into the viscoelastic disc mechanics 
using the poroelastic definition of disc components and permeability coefficients134,135.  
Although, many models are available which explore the intervertebral disc mechanics,  
few numerical models have simulated the total disc replacement or nucleus replacement.  
 It was hypothesized by Bao and Yuan93 that both nucleus implant modulus and 
nucleus implant cavity/conformity can affect the load distribution in the intervertebral 
disc.  Meakin and colleagues108 used sheep discs to asses the effect of nucleus 
replacement by synthetic implant.  It was observed that the inner layers of the annulus 
bulged inwards in case of the denucleated disc.  This inner bulging of the annulus was 
prevented by synthetic implants, when implanted in the denucleated disc.  The 
experimental work with the sheep disc was further supported by a simplified finite 
element modeling of the intact human disc to investigate the effect of nucleus 
replacement.  The model predicted that the effects of denucleation can be almost 
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completely reversed by a solid implant having line-to-line fit with a Young’s Modulus of 
3 MPa.  However, the nucleus implant and the annulus were modeled as an elastic, 
isotropic material, which precluded the consideration of material nonlinearity in the 
model108. 
 The model we have proposed here is a next step to the model proposed by Meakin 
et al.108, in the sense that, it accommodates the nonlinearity (both geometric and material) 
for understanding of the nucleus replacement implant mechanics.  The polymeric nucleus 
implant was modeled using a Mooney-Rivlin strain energy potential function and the 
annulus fibrosus is modeled as an isotropic, hyperelastic material with second order 
polynomial strain energy function.  Moreover, this is the first model which indicates the 
relative importance of the nucleus implant material (modulus) and geometric (height and 
diameter) parameters for restoration of the denucleated intervertebral disc compressive 
mechanics.  For the first time, the overfilling and underfilling of the nuclear cavity with 
the nucleus implant and its effect on the disc stress distribution (and on the overall disc 
mechanics) is assessed using a novel finite element technique for simulation of the 
overheight and overdiameter nucleus implants. 
 In general, the implant modulus seems to contribute little to the compressive disc 
mechanics, over the tested range (Figure 8.1).  This is in agreement with the experimental 
results185, where it was observed that an increase of 900% in the implant modulus (over 
three orders of magnitude) restored the load level, which was equivalent to or even less 
than the load level restored by either increasing the implant height by 10% or implant 
diameter by 6.25%.  However, a very low implant modulus (approximately 1 kPa) would 
act similar to the denucleated condition and would not restore the compressive disc 
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mechanics.  It leads us to the conclusion that some threshold exists for nucleus implant 
modulus, beyond which it contributes little as far as the restoration of the intervertebral 
disc mechanics is concerned.  Figure 8.2 shows the effect of Poisson ratio variation of the 
nucleus implant on the predicted load-displacement behavior of the intervertebral disc.  
An inward bulging of the inner annulus was observed, when the nucleus implant Poisson 
ratio was less than or equal to 0.45.  Because of this, the load-displacement curves with 
nucleus implant Poisson ratio, υ ≤ 0.45, were not different.  Moreover, the predicted 
behavior with lower values of implant Poisson ratios (υ ≤ 0.45) was comparable to the 
predicted behavior of the denucleated disc.  This indicates the importance of the 
incompressibility of the implanted material and suggests the use of implant materials with 
highest possible Poisson ratio.         
 Theoretically, if we press-fit an implant with higher geometrical dimensions than 
those of the created nuclear cavity in the denucleated disc, the implant will undergo shape 
change so as to fit within the bounds of the nuclear cavity and the annulus may deform to 
accommodate the large (height or diameter) implant.  In the process of ‘readjusting’ itself 
within the nuclear cavity, the implant would exert some stress on the surrounding disc 
material, especially on the annulus.  It also slightly pushes the annulus in the outward 
direction as seen.  The bone would not be affected by this as it acts as a rigid body when 
compared to the polymeric nucleus implant and rest of the disc material.  This technique 
allowed us to mimic the experimental condition of the overfilled implant, for both height 
and diameter.  This technique proved valid only until 12.5% press fit, beyond which the 
present model failed to converge.  This limitation of this technique is however, beyond 
the scope of the present analysis. 
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 Figure 8.4 showed the effect of underfilling and overfilling of the nuclear cavity 
with the implant height variation.  As expected, the OH implants, because of their 
increased volume, had better interaction with the intact annulus and thus restored the disc 
stiffness comparable to the intact than the line-to-line fit implanted condition.  The 
vertebrae stress distribution in the case of the OH implants was not different than the 
vertebrae stress distribution in the case of the UH and the line-to-line fit implants.  The 
relation between the resulting compressive stiffness and the ratio of implant 
volume/cavity volume has been demonstrated earlier185.  The disc with UH implants 
initially showed less resistance to the deformation and thus, less restored the compressive 
mechanics.  Thus, the implant with 10% overheight showed the maximum restoration of 
the load level and the implant with 10% underheight showed the least restoration of the 
load level. 
 Figure 8.5 showed the effect of underfilling and overfilling of the nuclear cavity 
with the implant diameter variation.  The finite element model predictions of the load-
displacement behavior for the conditions of 3%, 5% and 10% underdiameter (UD) and 
overdiameter (OD) implant are compared with the intact experimental result (which is 
equivalent to the line-to-line fit implanted condition).  The predicted load-displacement 
behavior was similar to the one observed for the implant height variations.  Interestingly, 
it was observed that the UD implants allow the inward bulging of the annulus initially.  
This resulted in least restoration of the load level of all the combinations tried here.  This 
is not surprising considering the relationship among the nucleus implant volume, annulus 
interaction and the resulting stiffness185.  Thus, in the ascending order, the effectiveness 
of the implant ‘fit-fill’ effect for load level restoration was – 
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10% UD Æ 10% UH Æ 5% UD Æ 3% UD Æ 5% UH Æ 3% UH Æ Line-to-Line fit Æ 
3% OH  Æ 5% OH Æ 3% OD Æ 10% OH Æ 5% OD Æ 10% OD. 
It is clear that the underfilled cavity (especially underdiameter implant) is not desirable as 
it allows for the inward bulging of the annulus in the initial stages of the deformation.
 Von Mises stress takes into consideration the principal stresses in three directions 
and can be used as a single representative stress value at a point.  The resulting stress 
distribution (Figure 8.6 and 8.7) with implant geometrical variations is clearly different 
than the line-to-line fit condition as shown, with a higher stress in the annulus for 
conditions of overfilled implant as compared to the line-to-line fit and undersized 
implant.  Also, the region of high stress is larger in the press fit implanted conditions.  
Moreover, the annulus stress state (with lesser magnitudes) in the underfilled implants 
(both 10% UH and 10% UD) explains the incomplete restoration of the load level 
compared to the line-to-line/intact condition.   
 The radial displacement contours for different implanted conditions with the line-
to-line fit contour are compared (Figure 8.8 and 8.9).  An overfilled implant (either height 
or diameter) put some ‘pre-stress’ on the annulus layers in the first step, before 
undergoing actual deformation in the second step.  This resulted in the slight radial first 
step displacement in case of the 10% OH implant and significant radial first step 
displacement in case of the 10% OD implant, as shown.  Although, both overfilled 
implants (10% OH and 10% OD) achieve the better load restoration, 10% OD implant is 
more effective probably because it displaces the annulus more while ‘readjusting’ itself 
within the bounds of the nuclear cavity.  
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 The current model however, does not take into account the other loading 
conditions such as anterior/posterior bending, extension and torsion for analysis of the 
nucleus implanted intervertebral disc mechanics.  In that case, the anisotropy of the 
annulus fibrosus may become more dominant and may affect the material definition of 
the annulus (as a hyperelastic, isotropic) used in this study.   
It was concluded that the nucleus implant with suitable material properties and 
dimensions exerts the stress on the inner annulus layers, equivalent to the natural 
intradiscal pressure in the case of healthy disc.  This implantation of the nucleus implant 
mimics the natural load transfer phenomenon of the healthy disc, by pushing the annulus 
radially outwards.  Nucleus implant design may be bettered by consideration of the 
implant material/geometric parameters and relative implant volume to the cavity volume.        
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Figure 8.1. Effect of nucleus implant modulus (υ=0.4999) variation on the compressive 
mechanical behavior of the human lumbar intervertebral disc 
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Figure 8.2. Effect of nucleus implant Poisson ratio variation on the compressive 
mechanical behavior of the human lumbar intervertebral disc 
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Figure 8.3. Concept of two-step analysis for an overfilled nucleus implant within 
the specified nuclear cavity 
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Figure 8.4. Effect of nucleus implant height variation (Underfill and Overfill of the 
nuclear cavity) 
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Figure 8.5. Effect of nucleus implant diam ter variation (Underfill and Overfill of the 
 
e
nuclear cavity) 
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Figure 8.6. Von Mises stress distribution for resulting from the nucleus implant height 
variation 
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Figure 8.7. Von Mises stress distribution for resulting from the nucleus implant diameter 
variation 
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Figure 8.8. Radial Displacement resulting from the nucleus implant height variation 
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Figure 8.9. Radial Displacement resulting from the nucleus implant diameter variation 
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Table 8.1. Material Properties used for the Parametric Finite Element Model 
 
 
 Young’s Modulus (MPa) Poisson’s Ratio 
Cortical Bone 12000 0.3 
Cancellous Bone 100 0.2 
Nucleus Pulposus 1 0.4999 
Annulus Fibrosus 
(N/m2) 
C10=3E04, C01=8E04, C20=3E04, C11=3E04, C02=5E04, 
D1=1E-07, D2=1E-07 
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9. Conclusions 
 
 
 
9.1 Summary  
This work proposed the use of PVA/PVP hydrogel as a potential substitute for the 
degenerated nucleus pulposus of the human lumbar intervertebral disc.  The concept of 
the nucleus replacement by a polymeric PVA/PV hydrogel was demonstrated to be 
feasible using an in vitro human cadaveric mechanical testing of the lumbar intervertebral 
disc and understanding of the nucleus implant mechanics of the lumbar intervertebral disc 
was further expanded using the finite element models of the lumbar intervertebral disc. 
The nucleus pulposus of the lumbar intervertebral disc is known to play major 
role in the natural load transfer mechanism of the intervertebral disc.  The contribution of 
the nucleus towards the compressive behavior of the intervertebral disc was studied.  The 
annulus fibrosus is mainly responsible for the resulting disc stiffness.  In order to keep the 
annulus intact (and thus, to assess the pure contribution of the nucleus in the disc 
mechanics), a novel denucleation method was used.  The denucleation was achieved 
through the vertebra/end plate route instead of generally followed approach of the 
annulus incision.  Although, this created significant damage to the bone, it kept the soft 
tissue (annulus fibrosus) intact, which was most important from the experimental 
objective point of view.  Drilling into the vertebra reduced the compressive stiffness of 
the disc (19% reduction) as compared to the intact condition.  A more dramatic reduction 
in the compressive stiffness of the disc was observed (59% reduction) after removal of 
the significant amount (3-4 g) of the bulk nucleus pulposus material.  Three mechanisms 
were proposed for the observed loss of the compressive stiffness after drilling of the 
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vertebra; nucleus volume loss, end plate structural change and nucleus depressurization.  
It was concluded that the nucleus depressurization is the most likely candidate for the 
observed decrease of the stiffness after vertebra drilling.  A more dramatic reduction in 
the stiffness of the disc after denucleation, lead to speculation that nucleus itself 
contributes to resist the deformation and also contributes significantly towards the 
compressive mechanics of the disc.  Three potential mechanisms were proposed for 
nucleus contribution towards the stiffness of the lumbar intervertebral disc; hydrostatic 
pressurization of the end plate and annulus, direct loading of the end plate and loading of 
the annulus as a result of Poisson’s effect of the hydrated nucleus.  It appeared that the 
nucleus can exhibit an effective hydrostatic pressurization and Poisson effect to load the 
annulus and the end plate, which in turn is dependent on the bulk modulus and (the bulk 
modulus dependency on) water content. It is therefore hypothesized that the nucleus 
loads the end plate and the annulus through such a mechanism. 
The implantation of the hydrogel nucleus implant with line-to-line fit of the 
created nuclear cavity restored the compressive stiffness to 88% of the intact condition.  
A non-linear increase in the intervertebral disc stiffness was observed when implanted 
with the hydrogel nucleus implant.  It was hypothesized that this non-linear increase in 
the stiffness resulted from the interaction of the hydrogel nucleus implant and the intact 
annulus.  The Poisson’s effect (υ≈0.49) of the polymeric hydrogel resulted in a 
significant radial displacement in compression.  The general premise that the 
intervertebral disc biomechanics and load transfer mechanism results from synergistic 
effect between the implanted hydrogel and the surrounding intact annulus is shown 
through this experimentation.   
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Nucleus implant parameters were observed to have a significant effect on the 
compressive mechanics of the lumbar intervertebral disc.  It was observed that the 
nucleus implant geometrical parameter (height and diameter) variations are more 
effective than that of implant modulus variations for the stiffness restoration of the 
intervertebral disc and the implant volume plays major role in the restoration of the disc 
biomechanics.  It was also demonstrated that underfilled implants does not restore the 
normal mechanics of the intervertebral disc.   
Further understanding of the nucleus implant mechanics of the intervertebral disc 
was achieved through the use of finite element modeling.  It was proved that the intact 
and denucleated stress states are significantly different.  The annulus showed inward 
radial deformation and was subjected to abnormal stresses in the denucleated condition.  
The insertion of the polymeric implant with suitable material properties in the 
denucleated state completely reversed the radial inward bulging of the annulus observed 
and the implanted condition was identical to the intact condition in terms of the restored 
load level, annulus stress distribution, radial displacement and strains.   
The feasible nucleus implant modulus range was also predicted using the 
validated finite element model.  The effect of overfilling (press fit) and underfilling 
(under fit) of the nuclear cavity by the nucleus implant was predicted using the validated 
finite element model.  The model also confirmed the experimental observations about the 
nucleus implant geometry/volume being more effective than the implant material 
properties in alteration of the resulting disc stiffness. 
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9.2 Novel contributions  
This study for the first time, dealt systematically with the understanding of the 
nucleus implant mechanics of the human lumbar intervertebral disc, in pure compression.    
The novel contributions of this study to the literature can be summarized as follows: 
- Development of an in vitro method for the nucleus implants insertion 
into the lumbar intervertebral disc without injury to the annulus. 
- Understanding and explanation of the role of the nucleus pulposus 
towards the compressive biomechanics of the lumbar intervertebral disc 
and overall load transfer mechanism. 
- Restoration of the compressive biomechanics of the lumbar 
intervertebral disc using the polymeric hydrogel nucleus implant. 
- Contribution of the nucleus implants material and geometric parameters 
towards the compressive biomechanics of the lumbar intervertebral disc. 
- Proposed the novel approach of modeling the annulus fibrosus as an 
isotropic, hyperelastic material. 
- Predictions of the feasible range of the desired material properties of the 
nucleus implant using validated finite element model. 
- Predictions of the nucleus implant modulus effect on the stress 
distribution within the lumbar intervertebral disc and on the overall 
compressive behavior. 
- Development of an average finite element model with average derived 
material parameters as a general representation of the average lumbar 
intervertebral disc behavior. 
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- Modeling of the ‘fit and fill’ effect of the nucleus implant within a 
created nuclear cavity.  Prediction of the stress distribution and the 
resulting compressive mechanics of the lumbar intervertebral disc with 
respect to implant geometry variation. 
The clinical relevance of these findings is significant.  It was shown that the 
nucleus implant modulus may have a threshold beyond which it does not contribute much 
to the resulting mechanics of the implanted disc.  In comparison, the relative ratio of the 
implant volume to the nuclear cavity volume played major role in the resulting stiffness 
of the implanted disc.  The alteration in the geometry of the implant (height or diameter) 
significantly altered the resulting compressive disc mechanics.  It was also shown that the 
underfill of the nuclear cavity is not desirable, as the interaction between the implant and 
the annulus would be less significant. The underfilled implanted disc in most of the cases, 
behaved similar to the denucleated disc.  All these findings may significantly influence 
the nucleus implant prosthesis design.       
9.3 Limitations  
 Although this study revealed many details of the nucleus implant mechanics of 
the lumbar intervertebral disc in pure compression, a few important limitations associated 
with this study are worth mentioning. 
 First of all, the implantation method followed in this study (approach through 
vertebra/end plate route) is useful for in vitro studies only and that too is intended for the 
studies which would assess the effectiveness and the feasibility of the nucleus 
replacement with a synthetic material.  The method proposed and developed here is not 
intended for in vivo implantation and obviously would need a significant modification.  
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This significant modification could either be in the implantation approach or in the 
nucleus implant material properties.  The in vivo implantation approach may follow the 
lateral incision through the vertebrae/end plate (as compared to the normal incision 
proposed here) or may follow the standard approach of postero-lateral annulus incision. 
Human (lumbar) spine is subjected to complex loading modes during the routine 
daily activities, such as compression (most important loading mode), flexion-extension, 
axial torsion and lateral bending.  This study, however dealt only with the compressive 
behavior of the nucleus implanted intervertebral disc.  In reality, spine is subjected to all 
kinds of load simultaneously.  The results discussed and the findings explained here, are 
limited in the sense that they do not deal with the exact in vivo complex loading 
condition.  The general behavior of the nucleus implanted intervertebral disc however, is 
expected to be similar in other loading modes also.  
The static compression study of the nucleus implanted lumbar intervertebral disc 
is not sufficient to characterize fully the mechanics of the nucleus implant as a potential 
substitute for the degenerate nucleus pulposus.  This study, did not attempt for fatigue 
studies (at least 10 million cycles) of the nucleus implanted intervertebral disc, 
completion of which would help to better prove the feasibility of the nucleus replacement 
by a polymeric hydrogel and better design of the nucleus implant.  
The annulus definition proposed here (as an isotropic, hyperelastic), although 
good for compression studies, could be a point of concern when one is considering the 
mechanical behavior of the lumbar intervertebral disc under other complex loading 
modes.  Especially, the current annulus definition with second order polynomial strain 
energy function may need a significant modification for the loading modes of axial 
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torsion and lateral bending, where the annulus anisotropy might come into picture.  This 
may prompt the use of composite model of the annulus or fully anisotropic material 
definition of the annulus for more realistic representation.  However, the present lack of 
knowledge and agreement about the annulus structure/properties may require detailed 
characterization studies before one can utilize more complex material definition for the 
annulus to better understand its role and overall contribution in the lumbar intervertebral 
disc mechanics. 
Consideration of other complex loading modes with the modified definition of the 
annulus and with the new boundary conditions may alter the predictions of the present 
finite element model about the desired properties of the nucleus implant.  Especially, the 
predicted feasible range of the implant modulus may see some significant changes.  Also, 
it is likely that the predictions of the present finite element model for the overfilled and 
underfilled implanted conditions may not exactly hold true for other complex loading 
modes as the stress distribution within the intervertebral disc for these conditions would 
be significantly different. 
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10. Moving Ahead… 
 
 
 
10.1 Future Work 
 This study meant to be the first step towards feasibility of the concept of nucleus 
pulposus replacement by a polymeric PVA/PVP hydrogel nucleus implant.  This study 
should act as a foundation for number of things to be accomplished in the process of 
reaching to our final goal of cure of lower back pain. 
 Some of the things that could enhance the findings of this study and current 
understanding of the polymeric hydrogel nucleus implant mechanics of the lumbar 
intervertebral disc are summarized below. 
a. Poisson’s ratio determination of the hydrogel implant: The analysis of the 
experimental findings and numerical modeling of the nucleus implanted lumbar 
disc was based on the assumption that this hydrogel nucleus implant has very high 
Poisson’s ratio (υ = 0.49) and is almost incompressible.   
This assumption is based on the literature reports about the Poisson’s ratio 
of similar gels187 and is valid considering the rubber-like polymeric nature of the 
hydrogel implant proposed here.  However, the determination of the Poisson’s 
ratio of this implant would greatly bolster the proposed hypothesis proposed in 
this study about the nonlinear increase in the stiffness of the hydrogel implanted 
specimen and clinical efficacy of this implant.         
b. Shape of the nucleus implant: Considering that only cylindrical implants were 
used in this study, it would be helpful to observe the resulting mechanical 
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behavior of the implanted disc, after implantation with various shapes such as 
ball, spiral, tubular, cubic and conical.     
c. Mechanical testing in complex loading modes: Biomechanical testing of the 
lumbar intervertebral disc implanted with a PVA/PVP hydrogel implant (in the 
water bath maintained at 37ºc), in the complex loading conditions of lateral 
bending, axial torsion and flexion-extension would surely reveal some more 
details about the behavior of this nucleus implant. 
d. Fatigue testing:  Fatigue testing of the lumbar intervertebral disc implanted with 
PVA/PVP hydrogel needs to be carried out to see the long-term stability of the 
whole system from the mechanical and chemical point of view. 
e. Finite element model expansion: The finite element model can be expanded and 
modified to assess the effect of complex loading conditions on the stress 
distribution of the intervertebral disc.  A 3-D model with close representation of 
the actual geometry of the spinal motion segment(s) would help to better 
understand the stress distribution within the disc at anterior, lateral and postero-
lateral location.  It would be helpful to characterize the annulus tissue to 
determine the anisotropic elastic constants and utilize them in the finite element 
model for more detailed analysis. 
The finite element model can also be expanded for consideration of the 
fluid flow within the disc employing biphasic tissue definition, as a poroelastic / 
porohyperelastic finite element model.  This would help to better the design of the 
current and future nucleus implants, especially in terms of the permeability of the 
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implant material and capability to act as an effective ‘diffusion pump’ to mimic 
the natural nucleus pulposus structure and mechanical behavior.          
10.2 Recommendations 
The final goal of this project is to develop a hydrogel nucleus implant as a 
potential substitute to the degenerated nucleus pulposus of the intervertebral disc and 
thereby fully restore the spinal biomechanics.  Certain measures which may prove 
effective to reach this ultimate goal and strengthen its claim as a best alternative to the 
degenerated nucleus pulposus are mentioned as follows:     
a. Annulus sealing mechanism: Most likely the in vivo implantation of this 
nucleus implant would be done through annular incision.  If the annulus injury is sealed 
with help of some material, the nucleus implant may not ‘pop out’ of the disc through the 
incisional route.  The sealing material may also provide extra strength to the annulus and 
in the process would contribute towards the stiffness restoration of the system. 
b. Implant positioner: It is highly likely that once the implant is in the body and 
subjected to constant loading, it may undergo the size reduction/shrinkage and may 
change its location within a disc.  This can be prevented either by -   
 Reinforcing the hydrogel implant with particulates of hydroxide apatite 
(HA) or glass fibers arranged in a systematic manner. 
 Wrapping an implant with a material (mesh) which would prohibit it from 
collapsing. 
 Constraining and directing the implant with help of the springs, thus 
maintaining the desired central location of an implant within the disc. 
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 Biologically gluing the nucleus implant top and bottom (assuming it is a 
cylindrical shaped implant) to the proximal and distal end-plates. 
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